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Abstract
Microfluidics has progressed tremendously as a field over the last two decades.
Various areas of microfluidics developed in fully-fledged domains of their own such
as organ-on-a-chip, digital and paper microfluidics. Nevertheless, the technologi-
cal advancement of microfluidics as a field has not yet reached end-users such as
chemists and biologists for independent use. A modular automated platform is en-
visioned to provide the stacking and modularity required to lower the knowledge
barrier for end-users; hence, microfluidics will simply be considered as a tool for the
application-focused researchers. The numerous advantages of droplet microfluidics–
self-contained reactions, shorter reaction times, lower reagent consumption–will be
leveraged by non-microfluidic researchers. However, the technological and knowledge
gaps between the current state of the field and the modular automated platform is
prohibitively large. This thesis aims to significantly advance the automated tech-
nology and to target key issues restricting droplet microfluidic accessibility. The
main advancements are separated into two categories: technological and knowledge-
focused. The technology-focused advancements (semi-automated droplet control,
open-source pressure pump, critical system overview) are necessary stepping stones
towards the development of a fully automated modular microfluidic platform. The
knowledge-focused contribution (air tubing dynamics, droplet resistance, microflu-
idic chip compliance) enable the smarter development of the technology; better un-
derstanding and modelling the system is of special importance for active control.
Furthermore, a deeper understanding of the system can be leveraged for other active
platforms and passive microfluidic devices.
The semi-automated droplet manipulations are implemented in an additional
layer of the control algorithm. The functionality enables a user to set the droplet
length or split ratio before automatically performing the manipulation. The droplet
generation accuracy is ± 10 % of the length and a monodispersity of ± 1.3 % for 500-
µm-long droplets. The splitting ratio resolution is limited by the channel width for
the daughter droplet length; the accuracy is ± 4 % of the initial length. The droplets
are merged on-demand. Finally, the effective mixing of the droplet is demonstrated.
The manipulations are leveraged in a qualitative drug screening assay that showcases
the potential of the platform.
µPump is an open-source pressure pump that targets microfluidic users. Re-
searchers focusing on either passive or active microfluidics can benefit from this
system. A similar application performance (i.e. consistency in droplet volume) is
achieved for a lesser price tag than comparable commercial systems. Furthermore,
iv
the open-source nature of the system enables a better understanding of the actuation
limitation and the communication protocol.
The air tubing connecting the pressure pump outlet to the reservoir holder is
generally neglected. The dynamics of the tubing are investigated. For 1/16” inner
diameter, the dynamic effects are negligible for a length up to 60 cm and a pressure
resolution of 2 mbar. For the 1 mm inner diameter tubing, the dynamic effects
are significant. The dynamics are modelled as a first-order system. The performance
difference between the nonlinear and linear first-order model is found to be negligible.
Therefore, a simple first-order model with a time constant depending on tubing length
is deemed adequate. Passive and active microfluidic devices benefit from a better
understanding of the air tubing dynamics.
Droplet resistance affects the micro-channel network behaviour as they move
through the channels. The uncertainties of their impact lengthen the iterative design
process. Numerous studies investigated droplet resistance. However, a consensus is
still pending. Most methods rely on passive principles. Oppositely, the method
herein introduced relies on the active droplet control platform and grey-box system
identification. The preliminary results are promising and in agreement with the
literature. Process improvement is envisioned to better the resolution and to enable
apply the technique to many more conditions such as non-Newtonian fluids.
The model of the microfluidic chip compliance is improved and justified using ex-
perimental results. The better understanding of the dynamics is especially impactful
for active microfluidics but also for passive microfluidics. A fitting parameter (φ) is
required to adjust for the difference in geometry and viscosity. The capacitance is
on the order of 10−15. The previous formula predicted values around 10−20 whereas
the other formula (without considering the fitting parameter) predicts around 10−16.
Moreover, the relationship of the fitting parameter is unintuitively stronger with re-
spect to the height-to-length ratio than with the width-to-length ratio. The length
is related to the flow rate. Shorter lengths mean larger flow rates, and consequently,
larger volume per unit pressure (i.e. capacitance).
The path towards an automated modular platform that can easily be adopted by
end-users as a tool relies on a shift towards a standalone system. The most important
components to focus on are the actuation, feedback system, and the automation
algorithm. The actuation through the current pressure pump is limiting due to its
dependence on a pressured airline. The bulky and expensive microscope prohibits
users from easily adopting the platform. Finally, the algorithm must be further
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1.1 Background and motivation1
As a field, microfluidics evolved and progressed over the decades of research supported
by contributors from around the globe and from varied backgrounds. The state of
the field with respect to its overarching vision is herein considered through the lens
of active microfluidic platforms that are used as a tool for applications in other fields.
Although multiple early studies undoubtedly contributed to the emergence of the
microfluidics field, most articles trace back the infancy of microfluidics to the 1990s
[203, 147]. The initial microfluidics studies leveraged the mature manufacturing
processes from the semiconductor industry (i.e. lithography) [292]. The vision was
to miniaturize the Total Analysis System (TAS) into a single miniature device that
takes the sample in and provides the answer [203]. The evolution of such innovative
vision is still ongoing. As per one of the former presidents of Bell Labs, Mervin Kelly,
innovation progresses from fundamental scientific discovery to product development
before reaching the market [95]. Many studies established strong fundamentals both
through theoretical [309] and experimental [147] work. The focus of the publications
is now increasingly on product development for various applications. However, the
translation from academic studies to market products is challenging; fundraising
many millions and spending years are necessary to bring a microfluidic product to
market for the end-users [325].
1Excerpt from submitted manuscript: Marie Hébert, Jan P. Huissoon, and Carolyn L. Ren.
“A perspective of active microfluidic platforms as an enabling tool for applications in other fields.”
(2020).
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The initial vision of µTAS persists through the more recent microfluidic devel-
opments; the field nevertheless expanded into multiple branches with diversified ob-
jectives and scopes. The ambitious goal of achieving µTAS involves processing a
sample to perform a series of chemical analyses from preparation to detection; a gen-
erally more manageable scope is to only consider one or a few steps at a time using
a Lab-On-a-Chip (LOC). Some LOC microfluidic devices are not only developed in
academic laboratories [200] but also as commercially viable products. There are nu-
merous companies with products in the market, but due to the cost and operational
training required, the benefits of switching from standard protocols to a microfluidic
approach do not often outweigh the hurdles [294]. Hence, the impact of microfluidic
products in other fields such as chemistry and biology is still somewhat limited. Ide-
ally, end-users such as biologists and chemists would view microfluidics simply as a
tool [306].
The path to achieving the vision of microfluidic as a tool is unclear, but Prof.
Whitesides proposed progress similar to that of our modern-day computers [305].
The key feature is stacking; the basic building blocks are reliable, predictable, and
repeatable. The analogy of how µTAS relates to the component level aspects relates
to how people use websites. The user does not need to understand how the Internet
works, or how the different components of their computer interact, or how integrated
circuits (IC) operate, or how transistors constitute the different ICs. The building
blocks of each previous level are reliable, predictable, and repeatable enough to allow
stacking. Hence, the users do not need a thorough electronics understanding to obtain
the results of a Google search. Another analogy is how a chemist or a biologist can
disregard the inner workings of an electronic balance when they wish to weigh a
sample. They simply place their sample and the weight is displayed: sample in,
answer out. A similar development in microfluidics would allow application-focused
researchers to use these stackable blocks to build systems with new capabilities and
fully leverage the potential of microfluidics.
Microfluidics-focused studies typically motivate their device through applications
in numerous fields such as water treatment [235], life biology [33], and material
synthesis [198, 262]; however, the impact of application-focused studies has mainly
been restricted within the microfluidics community. Thus, the field is still searching
for pivotal applications that will propel microfluidics from academic development
research to end-users’ applications. Microfluidic tools have the potential to get at
the forefront of impactful discoveries in related fields.
2
1.2 Research focus
The previous section put into perspective the background and motivation for mi-
crofluidic systems as tools for end-users. But how can this be achieved? When
considering the different options, one must keep in mind the stacking principle. The
selected path should enable the user to work with the microfluidic platform without
requiring an in-depth understanding of the underlying principles.
The first layer of the categorization of microfluidic devices, and thus, the first
separation of the solution is passive versus active microfluidic devices. Passive mi-
crofluidic is characterized by a constant driving mechanism or actuation; the ge-
ometry dictates the flow behaviour. Passive devices inherently rely on the user’s
microfluidic expertise to adjust for the operational and manufacturing uncertainties.
Moreover, the design process tailors the device for the specific application. Thus,
re-design is required for different applications. In contrast, active microfluidics uses
non-constant actuation that often introduces an external force to the system. Active
devices enable the user to set parameters without necessarily understanding microflu-
idic physics to its full extent. The active layer interfaces between the microfluidic
device and the user such that the knowledge required to use the devices is lessened.
Oppositely, passive microfluidic devices do not provide the user with such an inter-
face; the user must directly understand and interact with the microfluidic principles.
Consequently, the active microfluidic approach is deemed more appropriate to move
towards microfluidic tools that are more accessible for end-users. The added control
provided by the active method relies either on external forces or on a fluctuating
driving force. Forces that are external to the microfluidic channel typically require a
more complex manufacturing process. For example, electrodes and surface acoustic
waves (SAW) necessitate a layer close to the micro-channel with a conductive ma-
terial. A passivation layer is required to prevent contamination. Therefore, device
fabrication requires multiple layers and different materials. The multi-layer device
approach is simpler by only requiring one flexible polymer. For example, a control
layer actuated with air is superimposed on top of the micro-channels. A thin layer
separating the two creates valves. However, this approach still requires relatively
complex device fabrication in addition to external equipment for the control layer.
Another option is for the control valves to be in-line, but this raises issues with
contamination and control capabilities.
Active methods enable the user to interface with the microfluidic device using less
knowledge. However, the simple device fabrication and required hardware should
be maintained to promote accessibility. Therefore, a combined passive and active
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approach is privileged. The added control is provided by visual feedback that is non-
intrusive and that does not require any complex device fabrication. The interface
with the user is provided through the software and a controller. The controller
adjusts the driving forces provided by the pressure pump. This is envisioned to be the
most promising approach that minimizes the user burden of microfluidic knowledge,
fabrication, and hardware. The following two research questions are used to guide our
research within the context of the combined active and passive microfluidic platform:
• How can we make droplet microfluidics more accessible to end-users?
• What are the issues restricting the accessibility and better control of droplet
microfluidics?
1.3 Thesis overview
Our approach to making microfluidic more accessible as a tool for end-users is sepa-
rated into different projects. As shown in Figure 1.1, there are two main categories
of projects: working “towards a modular platform” that are more technology-based,
and “better understanding the system” that are more knowledge-based. The con-
tribution of this work is beneficial for both passive and active microfluidic devices.
For example, the open-source pressure pump is suitable for pressure-drive approach
whether passive or active. Furthermore, the knowledge-based projects develop a bet-
ter understanding of the dynamics of the system. Passive and active microfluidic have
different trade offs. Nevertheless, the knowledge and modelling enable to optimize
for different objectives; for example, the tubing dynamics should be minimized for
active approaches whereas the damping effect is beneficial for the actuation stability
of passive microfluidic systems.
The automation of droplet manipulations (Chapter 4) aims to perform more
accurate and repeatable procedures independently of the user’s skills. The added
algorithm layer further separates the user from the microfluidic knowledge to make
microfluidic devices more accessible to end-users such as chemists and biologists.
The open-source pressure pump µPump (Chapter 5) lowers the financial burden
associated with microfluidic-specific equipment. Moreover, an open-source system
provides more customizability and control. The tubing dynamics (Chapter 6) is a
previously neglected part of the model. Experimentally quantifying the air tubing
dynamics enables us to build a more complete model to better understand droplets
4
Figure 1.1: Schematic overview of the relationship between the chapters of the thesis.
in microchannels. The droplet resistance (Chapter 7) is another part of the sys-
tem that must be better understood. The uncertainties in the droplet resistance
cause reliability and robustness issues that inhibit accessibility. The active droplet
control platform enables a new approach that leverages system identification tech-
niques. The compliance of the microfluidic chip (Chapter 8) is another part of the
system–similarly to the air tubing dynamics–that must be better understood through
experiments. Finally, a critical system overview (Chapter 9) informs the next steps to
continue the work for accessible microfluidics. Each chapter targets a different part
of the microfluidic system to make it more accessible for end-users either through
technological and knowledge-based progress.
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Chapter 2
Literature review and background
The literature review will first cover the fundamentals of microfluidics; then, it will
continue with the different manipulations achieved using various methods and the
platform technologies implementing multiple of these manipulations. The modelling
of the microfluidic system will bridge the microfluidics to the control systems back-
ground. Finally, the relevant topics briefly covering state-feedback, observer, and
Kalman Filter (KF) will be presented.
2.1 Fundamentals of microfluidics
2.1.1 Dimensionless numbers
Dimensionless numbers are used to represent the relative importance of forces ac-
cording to the suitable variables. The most important characteristic of microfluidic
systems with respect to dimensionless numbers is the characteristic length that is on
the order of ∼ 10−6 m. Consequently, any quantities scaled by the length (at any
power other than zero) will be disproportionally large or small. This is reflected by
the relative importance column in Table 2.1. The Capillary number is used to char-
acterize microfluidic flow, which is laminar since the Reynolds number is much less
than 1. Other forces such as inertia, gravity, and buoyancy are generally neglected
as justified by the small values of the corresponding dimensionless numbers, namely
the Weber, Bond, and Grashoff numbers, respectively.
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where ∝ is the symbol for proportional to, µ is dynamic viscosity [Pa·s], U
is characteristic velocity [m/s], γ is interfacial tension [N/m], ρ is density
[kg/m3], l is characteristic length [m], g is the gravitational acceleration
[m/s2], β is coefficient of thermal expansion [1/K], ∆T is temperature
difference [K].
2.1.2 Interfacial tension: Fluid-fluid interface
For the two-phase flow of immiscible fluids, the interfacial tension (γ) is the force
acting at the interface between the two fluids. Typically, the dispersed phase is
an aqueous solution while the continuous phase is oil. The existence of a surface
inherently requires energy due to the molecules closest to the surface not forming as
many bounds with the neighbouring molecules. Consequently, the surface molecules
have more energy than the bulk molecules [31].
The interfacial tension between the two phases is modified by adding surfac-
tants; these chemicals are “surface-active agents” [250] that have different groups
of molecules with different affinities with the immiscible phases (i.e. amphiphilic
molecules). The groups composing the surfactant and hence, the surfactant itself
must be selected to match the pair of immiscible fluids [162]. Surfactant dynamics
are complex due to the coupling between the interface and the bulk flow as well as
other effects such as Marangoni stresses simultaneously occurring [18]. Nevertheless,
the main effect of surfactant leveraged is the reduction of droplet merging that is
particularly useful in the study with long storage time with a biological focus. The
commercial availability of surfactants is limited as the field is still evolving and un-
dergoing major developments. Examples of commercially available surfactants are
Triton X-100, Span80, and Tween 20/80[18].
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2.1.3 Surface wetting: Surface-fluid interface
For typical droplet microfluidics systems, there are three components: the dispersed
phase (usually an aqueous solution), the continuous phase (usually oil), and the solid
surface composing the wall of the channels (usually polydimethylsiloxane (PDMS)).
In such systems, the continuous phase should preferably wet the wall for droplet for-
mation; the dispersed phase is then contained within the droplet without contacting
the wall. The competition between the interfacial tension of the three components
is summarized by Equation 2.1 where the two components between which the in-
terfacial tension applies are described in the subscripts [162]. The corresponding
schematic is shown in Figure 2.1.
γsolid−continuous = γsolid−dispersed + γdispersed−continuous cos(θ) (2.1)
Figure 2.1: Surface wetting of the droplet, continuous phase, and solid substrate.
Reproduced from Ref. [162] with permission from Wiley & Sons.
Within the context of microfluidics, the dispersed aqueous phase must not wet
the wall. Such a situation occurs for γsolid−dispersed larger than γsolid−continuous and
γdispersed−continuous. Consequently, the surface property of the wall should be hy-
drophobic such that the continuous phase preferably wets the surface. Moreover,
the interaction between the fluids and the solid is limited to the surface; surface
treatment is performed to alter the properties as desired [310].
2.1.4 Droplet flow in microchannels
Thin film and gutter region
For droplets contained and flowing in the continuous phase, there exist different
regimes characterized by the space occupied by the droplet compared to the size of
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the channel. The regime of interest throughout is the squeezing regime for which
the droplet is bigger than the channel width; consequently, the droplet cannot form
a circular or disk shape and rather adopts a slug shape as shown in Figure 2.2.
Figure 2.2: Squeezing regime flow in circular and rectangular channels. The thin film
between the dispersed phase and the wall is indicated by (e). The gutter region is in-
dicated by dashed-line arrows for the rectangular cross-section channel. Reproduced
from Ref. [21] with permission from The Royal Society of Chemistry.
The thin film separating the dispersed phase from the container wall has a thick-
ness scaling with Ca2/3 for a small Capillary number (Ca < 0.01). Thus, the film
thickness corresponds approximately to 1-5% of the half channel height [21]. For the
rectangular cross-section, the thin film is not constant along the droplet length as
the continuous phase enters and leaves the film surrounding the droplet [309].
Fluid flow and vortices
For a dispersed phase much less viscous than the continuous phase (e.g. water in oil),
the flow field is represented schematically as shown in Figure 2.3. The flow field is a
complex function of many factors: the viscosity ratio, the geometry of the channel,
and the channel aspect ratio. Other studies have considered the 3D flow field in
rectangular microchannels both experimentally [107, 156] and through simulations
[254, 63]. One important feature of the flow field is the symmetric vortices about
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the flow direction that prohibit convective mixing across the two droplet halves.
Consequently, achieving mixing within droplets in microchannels is not trivial.
Figure 2.3: Schematic of fluid flow for a low dispersed phase relative viscosity. Flow
pattern for all viscosity ratios in [116]. Reproduced from Ref. [21] with permission
from The Royal Society of Chemistry.
2.1.5 Chip fabrication
Photolithography for micro-fabrication has its roots in the semiconductor industry
for electronic component manufacturing [218]. Although initially used in biochemical
applications [83], the disadvantages of the technique led to the development of the
more appropriate soft-lithography procedure with faster production and reduced cost
[245]. Although lithography is still used to manufacture glass microfluidic chips
as provided by Dolomites (T-junction glass chip: Part number 3000453), the fast
prototyping of polydimethylsiloxane (PDMS) chips is more appropriate for multiple
quick design iterations.
Other alternative manufacturing approaches for microfluidic chips include ther-
moplastics (e.g. polycarbonate [231], PMMA [117]) and 3D printing [115]. However,
these methods generally do not allow resolutions as small as PDMS soft-lithography
techniques can achieve.
2.2 Droplet manipulations
Droplet manipulations such as: generation, merging, mixing, splitting, and sorting,
are classified by the function achieved and the means used. The techniques are
generally separated between passive (relying on flow and channel geometry) and
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active methods (utilizing an external force through electrodes for instance) [341].
Table 2.2 presents an overview of the diverse ways of achieving the manipulations
listed above. The row categorization by manipulation is intended to act as a shopping
list if one function is desired while the column categorization focuses on the method
used such as the external energy provided.
Generally, passive methods are designed to perform one manipulation well at
high-throughput. For example, highly-monodispersed droplet generation is achieved
with a coefficient of variation (CV) of 0.2% [141]. However, integrating multiple
manipulations in series on a chip is challenging due to the flow field coupling effects,
and the small margin of design and operational errors. On the other hand, active
methods require more complex manufacturing [333, 76, 216] due to the necessary
electrodes (microwave, surface acoustic wave), complex optical alignment (laser),
the use of particles not compatible with biological applications (magnetic), or is













































































































































































































































































































































































































































































































































































































2.3 Enabling platform technologies1
Generally, the development of enabling platform technologies focus on using mi-
crofluidic principles for applications in other fields such as cells, biochemistry, ma-
terial science, and environmental factor monitoring. The applications motivate the
design choices of the platform. Hence, it is useful to understand the various applica-
tions to better comprehend the objective of microfluidic devices.
2.3.1 Applications in many fields
A few categories of applications are selected to highlight the potential of microflu-
idics for end-users, namely: cells, biochemistry, materials, and environmental factor
monitoring. Furthermore, impactful studies are singled out in a separate section;
their impact is not quantified through publishing analytic but rather by providing
unique capabilities impossible without microfluidic methods.
The early motivation arising from the total analysis system vision focuses on ob-
taining answers from samples through chemical analysis. Microfluidics is applied to
many different fields with different objectives. The purpose of each application is
generally classified as either information-focused or production-focused. The small
volume involved in microfluidic reactions provides key advantages [64] for reagent
consumption and reaction time to information-focused applications. Nonetheless,
production-focused applications provide valuable contributions through efforts of
parallelization to increase yield and synthesis of high-value-added compounds.
Cells
The similar scale of microfluidic devices and single-cells are leveraged in many studies
[204, 237, 242, 122, 171, 188, 253]. For example, circulating tumour cells (CTC) are
localized in the height direction of a channel using dielectrophoresis electrodes; the
CTCs pass through a localized lethal zone that eliminates them without affecting
the healthy blood cells [155].
On a multi-cell scale, organs-on-a-chip is a collection of cells mimicking whole
organs or organ systems to model in vitro processes [240]. For example, a model of
1 Excerpt from submitted manuscript: Marie Hébert, Jan P. Huissoon, and Carolyn L. Ren.
“A perspective of active microfluidic platforms as an enabling tool for applications in other fields.”
(2020).
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the transport of sodium-coupled glucose of the renal proximal tubule is studied using
a microfluidic device to understand the effects of administrating a sodium-transport
inhibiting drug [291]. The microfluidic in vitro models are not restricted to humans;
the long-term flow through human intestinal organoids [266] and the fish intestinal
barrier [71] are studied using organs-on-a-chip. Micro-tumours are another multi-
cell environment; flow conditions control diffusive and conductive mass transport of
anti-cancer drug delivery to perform drug screening studies [119].
On an even larger scale, whole organisms are studied using microfluidic devices.
Caenorhabditis elegans organisms offer a platform for in vivo drug screening that is
physiologically relevant to humans [142, 53]. Their adult size of 1.3 mm is larger than
the micrometre scale, but microfluidic devices provide added control and throughput
to study Parkinson’s disease for example [327].
A conspicuous challenge of biology-focus µTAS is the non-Newtonian behaviour
of whole blood and other biological fluids with its misunderstood impact for flow in
microfluidic devices [283]. Blood is a significant source of information for biological
assays and is a key sample to process through µTAS. In addition to its non-Newtonian
behaviour, blood coagulation causes issues. Remediation strategies include chemical
or pharmaceutical approaches but the depletion of the active components and the
potential for interference cause problems. Dielectrophoresis is explored as a potential
solution, but there is still no widely accepted and used solution [154]. There are
nevertheless promising advances in the microfluidics field that can handle whole
blood through the enrichment of extracellular vesicles by using a magnetic bead-
based approach [38]. Furthermore, a digital microfluidic platform incorporated a
blood-plasma separation membrane; the blood sample is easily obtained from a finger
and the device avoids any sample pre-processing by filtering to deal only with the
plasma [66]. More fundamental work is necessary to establish a solid understanding of
the complex behaviour of non-Newtonian fluids in microchannels. This is especially
important for whole blood considering the dependence of its behaviour on its content
among other factors.
Biochemistry
Chemical reactions for biochemistry purposes do not necessarily involve cells; drug
screening and protein crystallization are two examples. The microfluidic devices are
information-focused. The combination of the different samples and the analysis of
their response is the output.
The small volume involved in the reaction at the micro-scale saves reagent. The
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impact is particularly significant for sparse samples such as the cerebrospinal fluid
from mice [210] or expensive samples such as those used for drug screening assays
[224]. Multiple droplet manipulations are required for drug screening assays; droplets
containing each solution are generated in parallel, then, they are trapped, merged
and monitored [51, 37]. Although the complex manipulations are achieved passively,
translating the microfluidic device to a commercial product or device suitable for
end-user independent use is a complex endeavour. The structure of microfluidic also
enables greater control over the drug delivery mechanisms [338].
The rapidity and lower consumption of reagents are advantageous to probe vast
parameter spaces. The search for chemical conditions for the crystallization of pro-
teins enables the study of their structure mainly for medicinal purposes. Microfluidic
tools enable the crystallization of otherwise recalcitrant proteins when subjected to
traditional larger-scale approaches [181, 80, 190, 185].
Materials
Complex emulsions and nanoparticle synthesis are achieved using microfluidic de-
vices. The capabilities of manipulating fluid at such a small scale with better uni-
formity than bulk methods are promising [126, 206, 74, 197, 92, 223, 322]. However,
achieving significant yield with microfluidic devices is challenging. Thus, most appli-
cations focus on using microfluidics as an analytical tool to provide information rather
than to yield a product. Nevertheless, microfluidics is leveraged to achieve a narrower
size distribution through better control of nanoprecipitation using an acoustically-
driven micromixer for example [247]. As for complex emulsions, microfluidic devices
allow a higher level of control over the number, size, and type of internal droplets
that is not achievable with non-microfluidic approaches [72, 293, 183].
Environmental factors monitoring
The application of microfluidic tools to monitor environmental factors is focused on
gathering information that is critical for safety. Various approaches involve microflu-
idic tools for their small sample volume required, fast response, and low cost. The
small size of microfluidic platforms enables portability and point-of-care decentralized
testing. Selectivity is important to target the desired compound within the complex
chemical profile of water samples. Sensitivity is essential to detect low concentrations
of harmful chemicals that are detrimental to health and the environment.
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The distinct approaches developed have different requirements and performance.
Mercury and arsenic are among the species of interest that are detected. Mercury ions
are sensed with concentrations from 2 to 12 mM and only require a 2.8 µL sample
[144]. Another electromechanical method enables the detection of arsenic in the
range of 1 to 150 µg/L concentration [98]. Although another study requires a larger
sample of 40 µL, its operating principle does not involve valves and is thus compact
and portable [271]. A simple approach that does not require moving parts is paper-
based microfluidics that is used to target copper ions for example [106]. Specificity is
challenged for certain platforms. Detecting different ions is impactful and is achieved
visually for mercury, lead and copper using DNA-nanoparticle probes; the detection
limit for all three ions is on the order of 1 nM [193]. Furthermore, certain micro-
organisms present in water are detrimental similarly to heavy metal ions, and the
detection of the micro-organisms is thus also important [232].
Focused review articles provide a targeted point of view about environmental fac-
tor monitoring. The combination of microfluidics with a smartphone is particularly
potent for portable solutions [319]. Furthermore, image-based colourimetric sensing
techniques are ideal for portability and low-cost [130]. As for electro-mechanical
techniques, nanomaterial-based modification of the electrodes increases the perfor-
mance through enhanced specificity and sensitivity for different metal ions [184, 296].
Finally, samples are targeted at various points in the water cycle such as wastewater
monitoring with biosensors [75] and various approaches to detect metal cations in
drinking water [60].
Impactful applications
The most impactful applications of microfluidic devices are the ones providing key
advantages and possibilities compared to bulk methods. The high-throughput, low
reagent consumption, short reaction times, and reaction compartmentalization are
interesting advantages. However, they do not always justify the switch from a more
familiar method to microfluidics. Microfluidic devices are more easily adopted when
providing new capabilities or definitive advantages [326, 73].
The laminar nature of flow at the micron scale is challenging to thoroughly mix
the sample. Nonetheless, it is also leveraged to control the diffusion. Hence, using
a simple approach with a syringe pump, denaturalized proteins and the buffer are
passed through a chip side by side. The resulting refolding of the proteins is more
effective and does not require a post-processing purification step compared to other
non-microfluidic-based approaches [317].
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The strength of microfluidics more commonly lies in the information it provides
rather than the yield it produces. High-value products such as drugs can nevertheless
be pertinent applications. Parallelization of micro-reactors yields higher throughput
by increasing the production 25 fold to achieve 31 g/hr [5]. The miniaturization and
implementation of the instrumentation on the microfluidic device enable in-situ mea-
surement. These are particularly useful for transient measurements. For example,
a by-product of the oil industry is deposited on porous media and its temperature
properties are examined [36]. Microfluidics enables extensive control over the ar-
rangement and the complexity of the microstructure. Researchers leverage these
capabilities and the small scale of microfluidic tools to work towards the genera-
tion of artificial cells [207]. Micro-droplets provide a platform with better frequency
control of Belousov-Zhabotinsky reactions. Thus, further insights enable a better
understanding of the phenomenon [108].
2.3.2 Modular platforms
Framework overview
The development of microfluidic tools that are easy to use in other fields requires
reliable, predictable, and repeatable building blocks as formulated by Prof. White-
sides [305]. The stacking principle enables the usage of higher-level functionalities
without requiring an understanding of the lower-level building blocks. For microflu-
idic devices more specifically, stacking signifies that end-users perform manipulations
without requiring an in-depth understanding of fluid mechanics at the micro-scale.
As illustrated in Figure 2.4, vertically, the building blocks must exhibit reliabil-
ity, predictability, and repeatability–that is stackability–for the users to depend on
them. Horizontally, the modules must operate independently to avoid influencing
each other, but appropriate exchange channels must be established between them.
In the envisioned modular system, each module is responsible for one droplet manip-
ulation that corresponds to one step of the assay. The operation of the modules is
controlled by the supervisory control layer that interprets the user input as instruc-
tions for each module. Moreover, progress in the natural language processing field
has the potential to simplify user input. A potentially cumbersome user interface is
replaced by the direct interpretation of a user’s directives [339].
The value of modular design has already been leveraged in several studies. How-
ever, generally, the lack of either independence or stackability of the modules com-
promises the potential of the platform. Thus, the literature covers various aspects
required to achieve an impactful modular platform but separately.
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Figure 2.4: Stackable modular platform structure and vision for easy control of indi-
vidual droplets by end-users. Structure of a stackable modular platform. The vertical
arrow shows the stacking while the horizontal arrow shows modularity. Each ma-
nipulation is a module that leverages stacking such that only high-level information
from the user is required.
Modules
Certain studies focus on developing modules that the user assembles for their specific
use; the approach involves either single-phase or droplet flow. Single-phase flow
modules behave more independently from each other than droplet flow modules. The
dynamic effects of droplets travelling through channels that are coupled through the
pressure field easily compromise the independence of each module [8].
Therefore, influence between the modules is circumvented by using single-phase
flow for an automated modular approach [257, 273]. However, droplet microfluidics
provides key advantages such as compartmentalization that are essential to many
applications. A critical issue that modular microfluidic systems must address is the
connection of the different modules. The focus on the mechanical assembly of the
different modules is essential but usually fails to address the issue of dependability
[329, 236, 268, 44, 238, 202, 39, 195]. The coupling of adjacent modules through
the pressure field can result in undesirable dynamics compromising the operation of
the device. Nevertheless, a reliable connection between the modules is primordial to
the success of modular systems. The component with the flow-driving capabilities
is a prime candidate for modularity [332]. However, without applying the principles
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to the rest of the microfluidic system, the independent usage by end-users is still
compromised. Similarly, a heat-exchange module embodies the modularity principle
but is limited to the component rather than the whole microfluidic system [340]. The
handling of single-cells is automated using a vision-based system. However, the cells
are transferred to passive microfluidic channels, and thus, the system is modular and
adheres to the stacking principle only for the cell-handling module [286].
Stacking components
Generally, the studies proposing the stacking of components either focus on periph-
eral components to the chip or the chip itself but not both simultaneously. The
modularity of the peripheral equipment to the microfluidic chip is essential to the
versatility of the whole system; the stacking of the microfluidic chip function is
deemed a critical factor that should also be addressed, but that usually is not. For
example, a suspended-microchannel-resonator-focused study demonstrates the po-
tential of modular equipment, but the application as a general microfluidic platform
is limited [202]. Similarly, modularity is also demonstrated but is limited to the
actuation [179].
The devices that allow the sample as the input and provides the answer as the
output embody the principle of stacking. The user of the device does not need to
thoroughly understand how the device works. However, the devices are sometimes
overly tailored to specific applications, for example, detection and quantification of
infectious pathogens using dRPA [318].
2.3.3 Active control platforms
The historical perspective and key applications of microfluidic devices motivate the
vision and need for an automated active microfluidic platform that is used as a
tool. A sub-field of microfluidics that concentrates on achieving such objectives are
active control platforms. Diverse avenues to achieve the envisioned µTAS are herein
included.
The two main objectives achieved are: (1) the integration of chemical and phys-
ical sensors for continuous monitoring, and (2) logic and feedback algorithms for
automated screening, process control, and optimization [208]. The challenges iden-
tified by McMullen et al. extend beyond the scope of their article that is focused on
analytical chemistry but are nevertheless pertinent to this day.
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– Translating the thinking and decision-making skills of a researcher into an
automated tool.
– Detecting failures such as clogging to avoid introducing erroneous data into the
results.
– Handling the complications that compound as the microchannel network grows.
– Developing algorithms that provide stability, and fast dynamics.
– Collaborating between multiple experts in chemistry, engineering, micro-fabrication,
and software development.
The integration of chemical and physical sensors are crucial to monitor the pa-
rameters of interest. The two main categories of studies are: (1) screening a vast
parameter space for various reactions [91, 104, 103, 157, 272, 270], and (2) real-time
optimization and change through online feedback [161, 209]. Implementing sensors
for the varied parameters that are monitored on the microfluidic chip is complex and
focused review articles provide more details [269, 296, 187]. This section will concen-
trate on the logic and feedback for process control. The active control is categorized
into single-manipulation, single-application, and platform studies.
Single-manipulation focus for droplets
The automation of droplet manipulations is achieved using various methods typi-
cally introducing an external force. The common connection between the studies is
their objective to automate one single manipulation of droplets. Examples of target
manipulations are generation, merging, mixing and sorting. The single manipula-
tion focus signifies that these studies are not platform technologies that would be
promising for the µTAS system vision. The main inhibition in developing a platform
from these techniques is the localized effect that cannot easily be extended or mul-
tiplexed for multiple manipulations. Nonetheless, the variety of external forces used
to control the droplet shows the assortment of approaches.
Although an external force is introduced, and thus, the method is active, the
studies focusing on a single-manipulation typically layer the external force on top
of passive methods. Most commonly, a passive generation of droplets is the first
step of these active single-manipulations. Thus, although the active control enables
stacking to some extend, the dependence of the approach on passive microfluidic
severely inhibits modularity potential.
20
Generation Certain review articles focus specifically on the different external
forces introduced to actively control the droplet generation process [41]. The in-
troduction of a force such as an alternative current using on-chip electrodes enables
the tuning of the droplet size. The generated droplets contain a sodium chloride
solution. Moreover, the study demonstrated a negligible difference in the actively
controlled generation process using a non-Newtonian fluid, more specifically, xanthan
gum [279].
An alternative to introducing an additional external force is to adjust the flow-
driving mechanism based on feedback. An approach only requiring the typical equip-
ment without any additional components uses the pressure pump or syringe pump as
the force, and a camera to acquire the appropriate feedback. Thus, parameters (e.g
length-to-width ratio) are tuned using a controller (e.g. PID controller) to adjust
the flow rate of the syringe pump to achieve the desired outcome [331, 55].
Droplet-on-demand implements active methods without the high-throughput and
lack of modularity of layering the external force on top of passive droplet generation
[330, 105, 118, 277, 251, 99]. Although the droplets are generated one at a time,
they typically enter a passive network. Thus, the control is increased over single
droplets rather than multiple droplets. However, the active control is localized at
the generation site. Thus, the modularity potential of this approach is limited sim-
ilar to the active droplet generation techniques that are layered on top of passive
generation. The reliance on the passive network is troublesome for users without
in-depth knowledge to adjust for operational and manufacturing uncertainties.
Merging and mixing Microfluidic applications involving multiple on-chip reagents
require merging and mixing. Review articles provide an overview of the different ap-
proaches as well as techniques to achieve merging [79] and mixing [173, 4] passively
and actively. For example, an on-chip microwave sensor enables the selective heating
of the aqueous droplets; the non-uniform heating pattern causes effective mixing be-
tween the two droplet halves [324]. A mixing module is integrated on-chip with Tesla
valves to thoroughly mix samples; the concentration is digitally controlled [169]. The
intermittent pulse-width-modulated signal is leveraged to control the concentration
of up to 6 different reagents using multi-layer valves [312]. Moreover, complex flow
profiles are achieved, real-time control is enabled for potential feedback mechanisms,
and the necessary design files are provided to replicate the apparatus.
Sorting Sorting droplets inherently requires an active component to deviate the
droplets between at least two paths. Moreover, a sensing method must be imple-
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mented to detect which droplet to deviate. The need for sorting emerged from
leveraging high-throughput encapsulation using microfluidic devices with heteroge-
neous cell populations. Fluorescence-activated cell sorters (FACS) is an established
tool in the biochemistry field [158, 221]; the fluorescent probes enables the sorting
of the cells according to targeted characteristics. The feedback system is generally
vision-based such as for fluorescent signals of FACS systems. The study object is
not restricted to cells and can be organisms such as C. Elegans [69]. More complex
identification techniques leverage deep learning to identify the element to actively
sort using a pulse [227, 6, 128]. Alternatively, the sorting elements span a wider
area of unrestricted flow controlled through dielectrophoresis for example [102]. Di-
electrophoresis is also leveraged to form a sequentially addressable dielectrophoretic
array (SADA) to achieve large-droplet sorting [129].
Single application: Point-of-care platforms
Point-of-care (POC) platforms are prime examples of the potential impact of mi-
crofluidics in other fields, often linked to medical applications. Multiple functions
are integrated on a microfluidic device to achieve a specifically targeted application
[290]. However, the developed microfluidic solutions are highly specific to the tar-
get application and lack versatility. Consequently, the end-users cannot adapt the
platform to their various need without prior microfluidic knowledge to adapt the
design. Nevertheless, the application focus they fulfill demonstrates the potential of
microfluidic platforms as tools in other fields.
Paper-based devices are particularly suitable for POC due to their simple op-
eration, compactness, and low-cost. Although the core of paper-based microfluidics
relies on passive flow [230], certain active approaches are developed such as thermally
activated gates [86].
More generally, point-of-care devices cover a wide range of applications. For
example, HIV is detected from whole blood samples [239]. Microfluidic tools are
developed and used for iron deficiency anemia [320] and other diagnostics [134, 150,
174]. The detection of micro-organisms is also achieved using microfluidic approaches
[222].
The great advantage of point-of-care microfluidic devices is their ability to take
the sample as the input, and then, provide the answer as the output [114]. The
stacking principle is leveraged such that the user does not need to understand the
inner workings of the microfluidic device. However, the researchers developing such
devices are certainly required to understand microfluidics.
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The potential for automation and great versatility of the platform led to many
applications regrouped in pertinent review articles [20, 213]. For example, a com-
mercially available digital microfluidic device is used to efficiently prepare samples
for liquid chromatography-mass spectroscopy [177]. Previously, sample losses and
manual manipulations challenged the measurement of low cell number samples.
The high automation and modularity potential are key advantages of EWOD
platforms. Multiple companies developed products for main application areas: liquid
lenses, reflective displays, and biomedical assays [180]. The potential of the platform
is demonstrated for sample preparation. A procedure requiring 4 to 5 hours of
manual labour is achieved in about 30 minutes using an automated EWOD platform.
Nonetheless, typical drawbacks of digital microfluidics include sample evaporation,
degradation of the samples from the electric field, and detrimental large droplet
volume for single-cell analysis. Moreover, non-adherent surface coating properties are
essential when using particularly sticky components such as proteins that easily cross-
contaminate. In brief, the digital microfluidic technology is promising in terms of its
modularity and automation potential, but inherent drawbacks inhibit its independent
use by end-users. The continued development of commercial platforms is nevertheless
promising. Any reliability issues must however be first resolved.
Another approach that relies on electrodes is surface acoustic waves (SAW). The
principle is fundamentally different; an overview is provided in this review article
[65]. A platform for selective cell encapsulation, lysis, and pico-injection was recently
developed [219]. The platform also achieves various droplet diameters based on the
pulse length and power level.
Multi-layer devices for parallel control channels
Working principle The micro-channel network containing the samples are en-
closed within one layer; there is at least one other layer that is used for control
purposes. On-off valves commanded by a computer provide control over the sam-
ple flow within the micro-channel network. Figure 2.5 schematically illustrates the
working principle.
Quake’s valves The pioneer of this novel approach–often accordingly labelled as
“Quake’s valves”–developed the idea in the early 2000s when microfluidics was still
in its infancy [285]. The soft nature of polydimethylsiloxane (PDMS) that has been
commonly used for rapid prototyping of microfluidic devices is leveraged to create
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Figure 2.5: Working principle of multi-layer devices with a sample and a control layer.
The zone at the intersection between the two layers acts as an on-chip solenoid valve.
on-chip valves. A thin membrane between the sample and control channel is ex-
panded to block flow in the sample channel using pressurized air. The valves create
micro-reactors containing the samples similarly to droplets, although the approach
fundamentally operates using single-phase flow.
High-throughput applications require numerous on-chip valves to isolate and to
control each micro-reactor. A multiplexing technique reduces the number of off-chip
solenoid valves to lessen the burden of the external hardware [282]. Although the
microfluidic device footprint is small, the required supporting hardware is substantial.
Another drawback is the required more complex fabrication of multi-layer devices
that is more demanding than simpler single-layer chips. Finally, single-phase flow
is susceptible to cross-contamination; accordingly, special care must be taken to
avoid undermining the results. Even considering the aforementioned drawbacks,
the Quake’s valve platform and similar devices with an air control layer have been
applied to numerous studies focusing on applications. They are too numerous to
comprehensively list here [172, 9, 170, 178, 121, 233, 321, 328, 192, 120].
Although end-users cannot purchase an off-the-shelf commercial product, numer-
ous journal articles detail the chip fabrication process. The multi-layer microfluidic
chip fabrication is detailed both for a regular procedure [167] and a 3D-printer-based
procedure [175]. Moreover, the supporting hardware required to operate the multiple
solenoid valves is accessible through an open-source project [29].
The multi-layer platform is promising due to its demonstrated capabilities with
numerous applications and the overall high impact of this research direction within
the microfluidic community. Nevertheless, the independent use of the platform by
end-users is still not widespread due to the challenges in using the platform and the
knowledge barrier; the numerous articles about the process help lower the barrier, but
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the stacking capabilities are not yet developed enough to the level of a commercial
product. The air control layer approach nonetheless occupies an important and
promising direction of active microfluidic platforms.
Other approaches Quake’s valves specifically leverage the softness of PDMS to
deform and block the sample channels using pressurized air. Similar approaches
with the parallel multi-layer control layer relying on different principles have been
investigated to integrate valves in microfluidic devices. An electroactive polymer-
based valve is triggered by applying a 50 V/µm electric field [276]. The valve provides
enough displacement to close the sample channel and is compact. However, the
pressure is limited to 4.0 kPa (40 mbar). The response time is about 0.7 seconds.
Alternatively, certain valves are pH activated [17]. The power consumption is low
and the thermal risk for the bio-samples is avoided. The valves are hydrogel-based
and respond to specific pH solutions to expand and close the channel. The response
time is about 10 seconds. The pH-enabled hydrogel valve footprint is about 500 µm.
Wax valves are melted using heat applied at the desired time [300]. The valves
are integrated on a centrifugal disk platform to allow better control of the flow
and introduce an active control component. The deformable polymer valves are also
integrated within a centrifugal disk platform to control the capillary flow using on-off
solenoid valves to an external pressure source [48].
The common objective of adding valves as another layer to microfluidic devices
is to supplement the microflow with an active control component. Active control in-
herently has the potential for stacking of the components. However, a more targeted
design solution would enable end-users to more easily and independently leverage
the powerful tool that multi-layer microfluidic devices present.
In-line solenoid valves
Similar to Quake’s valve approach, Garstecki’s research group developed an active
control method using solenoid valves but in-line as opposed to in parallel [59]. The
valves are directly integrated in series with the flow source as shown in Figure 2.6.
Hence, the complex multi-layer chip fabrication is avoided. Furthermore, the mi-
croflow involved is two-phase flow (i.e. droplet microfluidics) instead of single-phase
flow.
The control capabilities are greatly increased without sacrificing manufacturing
simplicity and robustness. Moreover, droplet microfluidics has many advantages over
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Figure 2.6: Working principle of in-line solenoid valve. The rotating solenoid valve
aligns and blocks the gate pathway for the sample to flow.
single-phase microfluidics. The reactions are compartmentalized and thus, largely
minimize cross-contamination. Multi-phase flow enables high-throughput without
compromising uniformity. However, the in-line solenoid valve system still requires
involved user interaction to operate the system, and microfluidics knowledge to setup
and operate the actuation pressure behind each of the solenoid valves [46]. A combi-
nation of this platform with passive traps allowed for more robust operation without
knowledge [241]. Nonetheless, the possible manipulations were limited and required
more complex microfluidic chip fabrication.
Overall, the in-line solenoid valve offers added control without extensively com-
plicating the manufacturing process. Thus, modularity potential is high. However,
the current control approach heavily relies on knowledge of microfluidics and conse-
quently, would require further development to achieve significant stacking capabili-
ties.
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Combining passive and active principles
The control of individual droplets is achieved without introducing an additional force
or hardware; the pressure actuation is adjusted based on visual feedback [308, 311,
111, 307]. The controller enables the droplets to be manipulated similarly to passive
approaches but with a much greater control directly associated with the varying
pressure. Thus, this method combines principles both from passive–the use of the
geometry to achieve manipulations–and active–varying forces–methods to control
individual droplets.
The working principle of the active droplet control platform is illustrated in Figure
2.7. The computer hosts the controller that is at the core of the control of the
individual droplets. The communication with the other components of the system
is also established through the computer. The pressure pump individually applies
pressure to the inlets of the microfluidic chip. The image analysis is also hosted on
the computer to provide feedback to the controller in the form of a droplet location.
Figure 2.7: Working principle of the combined active and passive platform. The con-
troller calculates the required pressure to apply at each microfluidic chip inlet based
on the feedback provided by the microscope, camera, and on-line image processing.
A similar approach that uses visual feedback to locate flow has been implemented
in the past [297]. However, the controlled localization is not of a droplet, but an
interface. Thus, the potential for applications is much less significant. Another
similar approach that incorporates visual feedback and droplet microfluidics is closer
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to the platform schematically illustrated in Figure 2.7 from Wong et al.. However,
the control is over multiple droplets as opposed to single droplets [55]. Consequently,
the rest of the microfluidic device relies on passive droplet manipulations that cannot
easily be used by end-users.
The simple manufacturing processes and standard microfluidic equipment re-
quired for this platform enhances its potential for independent use by end-users.
Moreover, stacking is enabled by the controller which removes the microflow knowl-
edge from end-users. Modularity is not addressed yet but is envisioned to have high
potential because of the more simple components required.
Future outlook
The impact of microfluidic devices depends on their usage by end-users. The devel-
opments that are envisioned to be impactful target the knowledge barrier and the
financial cost.
The controller at the core of the active platform should balance simplicity and
performance. A simpler approach promotes better accessibility for end-users without
significantly sacrificing performance.
Commercial pressure pumps provide a turnkey solution. However, their cost
can be prohibitive and limit their accessibility to some researchers. An open-source
pressure system provides more flexibility through customization of the different parts.
Moreover, the lower cost enables greater accessibility. A minimum understanding of
the system is required to properly assemble and maintain the system. Open-source
approaches such as µPump [90] provide guidance to lessen the burden of a custom
system and reduces cost.
The reliance of microfluidic platforms on microscopes and cameras poses a chal-
lenge both for accessibility and versatility. The acquisition of high-performance vi-
sualization equipment is expensive. Simpler and less expensive imaging solutions are
important to develop less costly systems. Moreover, the dependence of microfluidic
platforms on bulky systems such as microscopes limits the portability of the devices.
2.3.4 Summary
Microfluidics has tremendous potential to miniaturize total analysis systems (µTAS)
for impactful applications. Applications in the fields of cell studies, biochemistry,
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materials, and environmental factors monitoring motivated the development of nu-
merous microfluidic platforms. However, the adoption of microfluidic tools outside of
the developers’ field by end-users is limited. A modular platform is envisioned to en-
able end-users to consider microfluidic as a tool to achieve their goal. Active control
removes the microfluidic flow knowledge required of the user. Thus, the knowledge
barrier is lower by the stacking of reliable, predictable, and repeatable components.
Certain microfluidic platforms demonstrate stacking capabilities while others fo-
cus more on modularity. However, both are needed to achieve a platform that can
be used independently by end-users. Similarly, many different active approaches to
microfluidics enable the user to by-pass the knowledge barrier typically required by
passive microfluidic devices. Therefore, many elements of the envisioned platform
are present in various studies. However, they need to be regrouped and optimized
in one platform that end users can independently leverage in studies in the various
fields benefiting from the advantages provided by microfluidics.
2.4 Modelling for microfluidic systems
The fundamentals of microfluidics, its ability to manipulate droplets, and the physics
of the system were discussed up to this point. In order to design the controller and
simulate the system, a model of the physical system must be defined, albeit based
on assumptions. This modelling approach was previously developed and used in
[311, 307].
2.4.1 Assumptions
The model must rely on assumptions to be simple enough to be useful in controller
design and system simulations.
Linearity
The system is assumed to behave linearly and is described using a set of first order
differential equations. A generic example of such first order differential equation is
shown in Equation 2.2.
ẋ = a · x+ b · u (2.2)
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where a is a system property affecting how the system behaves (e.g. mass, stiff-
ness/compliance, damping/viscosity), and b is a system property relating the effect
of the input u on the system (e.g. gear ratio, inductance).
The state-space representation formats the system of first-order linear differential
equations in a compact arrangement; the matrices (A, B, C, D) describe the physical
properties of the system such as mass and damping, while the state-vector (x) char-
acterizes the status of the system through position and velocity for instance. The
linearity assumption allows the use of the state-space representation. The different
components (tube, channels) are simply connected in series or parallel according to
the channel network configuration. The effect of the transition between the tube
connected to the chip and going to the channel is neglected as the geometry, and
hence the flow is too complex.
Channel properties
The model is based on the channel material properties and on whether the channel
contains the dispersed or continuous phase. However, during manipulations and as
droplets are generated, the channel composition changes and does not remain static.
The changes are assumed to be small enough such that the controller performance is
not significantly affected. Similarly, all physical properties of the fluids and materials
used are taken nominally without an in-depth analysis of the channel deformation
under the applied pressure for instance.
Actuation
The applied pressure is measured at the pump outlet and it is assumed equal to
the pressure at the entrance of the tubing containing the fluid in the vial. Any
dynamic response from the air tubes, biases from the vial hydrodynamic pressure,
and Laplace pressure are disregarded for this model. The effects are nonetheless
compensated using a Kalman Filter (details are included further) to estimate the
static offset for each pressure input.
Droplet behaviour
The droplets are assumed to be generated in the squeezing regime. Consequently, the
discrepancy between the droplet and the continuous phase speed is assumed insignif-
icant. Moreover, the surface properties of the chip enabling the preferable wetting
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of the wall by the continuous phase are assumed uniform and constant through time
for proper operation of the microfluidic chip. Finally, although the bulk fluid and
droplet do not move exactly at the same velocity, the difference is assumed negligible
for the performance of the controller.
2.4.2 Electric circuit analogy
The physics-based approach to modelling is preferred to provide information for
a variety of system configurations. Various micro-channel network configurations
(with varying lengths and varying fluid viscosity in different channels) are used. A
physics-based approach to the model enables the quick and simple adjustment of the
parameters from their nominal values. Oppositely, a system identification approach
would be cumbersome and time-consuming to define the model for each case. Finally,
the physics-based approach is proven in previous work by David Wong to provide
adequate control performance.
The electric circuit analogy is built by drawing links between analogous physical
phenomenon and electric circuit elements [308, 84]. The driving force for the flow
is pressure and correspondingly, voltage drives the current. The flow rate, which
is taken equivalently to the droplet velocity for a constant cross-section, is then
analogous to current. It follows that the droplet position is analogous to charge.
Correspondingly, the resistance (R), inductance (L), and capacitance (C) elements
describe the system’s physical properties.
Resistance






where µ is the dynamic viscosity [kg/m · s], l is the channel length [m], and dh is the
hydraulic diameter [m]
Inductance
The inductance encapsulates inertia effects in Equation 2.4.
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L = ρl (2.4)
where ρ is density [kg/m3] and l is channel length [m]
Capacitance
The material compliance and the fluid compressibility acts like springs in the physical
system and are represented by the capacitance in the electric circuit analogy as








where A is the cross sectional area [m2], κ is the substrate stiffness [Pa ·m], l is the
channel length [m], and β is the adiabatic bulk modulus [Pa].
2.4.3 Modular system for building the channel network
The assumed linear behaviour of the system enables the connection of the building
blocks in different configurations corresponding to the channel network.
Building blocks
Each element of the network is represented by a block with the corresponding RLC
elements. A different block is required if any of the following is varied: channel
dimensions, material or fluid physical properties. The resistance and inductance
values are split in half on either side of the capacitor to maintain the symmetry of
the response as shown in Figure 2.8. The symmetry in each element stems from
the behaviour of the droplet that is symmetric for the travel direction within the
channel. A droplet travelling towards or away from the pressure inlet of any channel
should behave identically as per the assumptions previously stated. Analogously, the
block response should be the same for current going from input to output or from
output to input. A simpler asymmetric building block regroups the resistance and
inductance on the left side of the capacitance.
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Figure 2.8: Building block of the electric circuit analogy with symmetric RLC com-
ponents.
Assembly
From the assumed linearity of the system, the tubes and channels are similarly
connected in series and joined as they are in the physical system. For instance, a
simple T junction chip with 3 channels and the corresponding 3 tubes and inlets
is shown in Figure 2.9. The state-space model describing the system is obtained
automatically through Matlab functions. Although the 3 pressure inputs to the
system are designated as inlets, they effectively are a combination of sources and
sinks depending on the flow direction in each channel to respect the conservation of
mass principle.
2.5 Control system theory
The methods and techniques described in this section are provided as background
information. David Wong implemented and reported on using these techniques;
he used visual feedback and pressure actuation to form the closed-loop LQR-based
controller WongThesis, wong2020robodrop.
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(a) Schematic representation of the physical system.
(b) Simulink blocks connected according to the physical system channel
configuration.
Figure 2.9: Simple T junction assembled building block with 3 channels, 3 tubes,
and 3 inlets.
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ẋ1 = a11x1 + ...+ a1nxn+
b11u1 + ...+ b1mum
...
ẋn = an1x1 + ...+ annxn+





A︷ ︸︸ ︷a11 · · · a1n... . . . ...





B︷ ︸︸ ︷ b11 · · · b1m... . . . ...





y1 = c11x1 + ...+ c1nxn
...





C︷ ︸︸ ︷c11 · · · c1n... . . . ...





where Ẋ ∈ Rn×1 is the derivative of the state vector, X ∈ Rn×1 is the state vector,
U ∈ Rm×1 is the input vector, Y ∈ Rp×1 is the output vector, and A ∈ Rn×n, B ∈ Rn×m,
C ∈ Rp×n characterises the system response. Notice that the initial conditions are not
specified and assumed to be zero (or negligible) for all states xi(0) = 0, i = 1, ..., n.
2.5.1 Single-input-single-output (SISO) versus multi-input-
multi-output (MIMO)
Feedback systems are generally classified into two categories: single-input-single-
output (SISO) or multi-input-multi-output (MIMO) systems. The MIMO approach
is not simply an arrangement of SISO systems in parallel; the complex nature of
the multi-variable system is taken into account, including the interrelationship (or
coupling) between the different parts [70]. The state-space representation is adequate
for MIMO system representation and controller design. The structure is based on
stacking into a matrix form the first-order ordinary differential equations (ODE)
describing the system. Then, the states (x) are used to represent the status of
the system while the A matrix describes the system’s intrinsic behaviour, the B
matrix relates the input to the states, and the C matrix encapsulates the relationship
between the states and the outputs of the system. An overview is shown in Equation
2.6 for the system: Ẋ = A ·X +B · U ; Y = C ·X.
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2.5.2 State feedback
Control law and system response
State feedback commonly uses pole-placement to design the response of the closed-
loop system; in other words, the gain KS is selected such that the behaviour of the
system with the control law U = −KSX, where U is the control input and X is the
state vector, is satisfactory. By replacing the control law in the system equations
(Equation 2.6), the closed-loop system behaviour is characterised as per Equation
2.7.
Ẋ = A ·X +B ·
U︷ ︸︸ ︷
(−KSX)→ Ẋ = (A−B ·KS)X (2.7)
The behaviour of the closed loop system represented by Equation 2.7 is charac-
terized by the location of the poles (i.e. the roots of the characteristic equation) in
the s-plane (horizontal axis: R, vertical axis: C). The poles (si ∈ C)are the roots of
the characteristic equation defined using the determinant as per Equation 2.8. The
system response is stable only for poles with negative real parts (Re(si) < 0 ∀ i).
Note that the state feedback controller leads to the states eventually converging to
zero (for stable closed-loop cases) as shown in Figure 2.10.
det(sI − (A−BKS)) = 0 (2.8)
Controllability
The closed-loop system response is determined by the location of the poles as per
Equation 2.8. Considering that the control gain KS is arbitrarily selected, then
the response of the system is tuned according to the desired performance. However,
whether the poles can be placed arbitrarily on the s-plane relies on the controllability
of the system. There are multiple equivalent ways of determining whether a linear
time-invariant system (A, B) is controllable or not. The selected method is shown
in Equation 2.9 where λi represents each eigenvalue of A.
∀ λi, i = 1, ..., n : rank([λiI − A|B]) = n (2.9)
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Figure 2.10: Homogeneous system response according to pole location (shown with
triangles) in the s-plane [70]. The desirable pole location is in the negative real plane
(i.e. left-hand side) for an exponential decay envelope.
Pole-placement and optimal pole-placement using LQR
Given that a system is controllable, the poles of the closed-loop system are arbitrarily
placed in the s-plane according to the desired performance. This is done by equating
the characteristic equation (Equation 2.8) to the desired characteristic equation built
from the desired poles as the roots. Then, the values of the components of the state
feedback gain are algebraically solved. Note that the number of poles to be placed
corresponds to the order of the system (i.e. n).
The simple and widespread PID controller is not preferred for this system. Al-
though a PID controller can achieve stable closed-loop control of droplets, the LQR
approach is preferable. The system is inherently coupled from the pressure field
across the different channels. Therefore, a MIMO approach enables the considera-
tion of the impact of one channel on another channel. Moreover, as outlined below,
the tuning of the controller parameters is more intuitive for LQR than for PID con-
trollers.
For a large system, the number of poles to place is large; the relationship be-
tween each pole location and the performance of the system is not as intuitive as for
smaller order systems. Consequently, the tuning of the control gains for the satis-
factory performance of the closed-loop system is challenging. The optimal control
technique Linear Quadratic Regulator (LQR) allows for tuning of the response using
the weighting matrices Q and R [70]. The calculations are executed through the
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Matlab lqr command; the details will only be outlined. The algorithm minimizes
the performance index J given by Equation 2.10. The first part of the equation
applies the weighting matrix Q to the states x thus penalizing the value of the states
before they converge to zero. The second part associating the weighting matrix R




(xTQ x+ uTR u)dt;Q ∈ Rn×n, R ∈ Rm×m (2.10)
Note that because the algorithm objective is to minimize the performance index,
the absolute value of the weighting matrix entries is not important; the relative
magnitude between the entries is the key tuning parameter. The performance index
is minimized for KS according to Equation 2.11 for which P satisfies the so-called
Riccati equation as per Equation 2.12.
KS = R
−1BTP (2.11)
ATP + PA− PBR−1BTP +Q = 0 (2.12)
Integral state-feedback
The state-feedback controller previously described is used to maintain stability (even
of some unstable systems) by driving all the states to zero. However, the tracking of a
particular reference point is desirable in many situations. The addition of the integral
term eliminates steady-state error for better tracking. The equations describing the
system are augmented and the control design procedure is similarly applied to the
new augmented system. The calculated gain through the LQR algorithm is then
split between the different parts of the controller for implementation.
2.5.3 State observer
Governing equations
The state-feedback control approach described above requires the value of the states
to calculate the control input. However, not all states of a system are generally
available for measurement; only a subset is measured as per the output equations
and the appropriate C matrix. Consequently, a state estimate vector x̂ is used in
the control law instead. The estimation of the states is governed by the gain L in
the first order ODEs shown in Equation 2.13.
˙̂x = Ax̂+Bu+ L(y − Cx̂), L ∈ Rn×p (2.13)
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Observability
Similarly to the controllability property of the system previously described, the sys-
tem must be observable for the state estimates to be reconstructed from the output.
The test to determine whether a linear time-invariant system (A, C) is observable is
given by Equation 2.14 where λi represents each eigenvalue of A.






Observer pole-placement and behaviour
The duality of the controllable and observable properties of a system (not shown
herein, see [280]) implies that for a controllable system (AT , CT ), the poles are
arbitrarily placed using the gain LT from Equation 2.13. Thus, the LQR algorithm
can similarly be used to tune the response of the closed-loop system for the observer;
the location of the poles will determine how fast the state estimates converge to the
actual state value, or alternatively, how the error between state values and estimates
converge to zero.
2.5.4 Principle of separation
The principle of separation guarantees that for a controllable (A, B) and observable
(A, C) system, the poles of the state-feedback and observer are placed independently
of each other. The matrix describing both the system behaviour (including feedback
control), and the error between the actual value and estimate of the states are shown
to be upper triangular. Therefore, the eigenvalues of the full matrix are the union
of the eigenvalues of the submatrices on the diagonal. The first matrix eigenvalues
are from the state-feedback design while the second matrix eigenvalues are from the
observer design. The two sets of eigenvalues are designed independently using KS
and L respectively.
As a rule of thumb, the poles of the observer should be faster (> 5-10 times) than




The Kalman Filter is used as a state observer taking into account the characteris-
tics of the noise present in the system similarly to the state observer described in
Section 2.5.3. The Kalman Filter in its simplest form is herein presented without
the extensive theoretical framework that can be consulted as required [94, 54]. The
typical assumption is made that all noise follows a white Gaussian distribution (i.e.
v ∼ N(µ = 0, σ2 = R)).
Disturbance estimation
An additional state is added to the discrete system to model a static offset distur-
bance. The state is also assumed to have white noise as shown in Equation 2.15.
d(k + 1) = d(k) + wk; where wk ∼ N(0, Rw) (2.15)
Noise characterization
The output noise (Rv) is characterized by the hardware while the system state noise
(Rw) is used as a tuning knob. The resolution of the output, which is from the
localization of the interface with ±0.5 pixel precision, provides the uncertainties in
the measurement at the hardware level. By assuming a constant probability across
the ±0.5 pixel interval where the true value lies, the output noise is characterized
using the corresponding variance of (∆px)2/12.
Algorithm overview
The discrete equations describing the Kalman filter implementations are shown in
Table 2.3 starting with an initial arbitrary P0|0 and calculating from state prediction
to state estimation at each time step.
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1. State prediction x̂k|k−1 = Ax̂k−1|k−1 +Buk−1
2. Output prediction ŷk|k−1 = Cx̂k|k−1
3. Error ek = yk − ŷk|k−1












6. State estimation covariance Pk|k = (I −KkC)Pk|k−1
7. State estimation x̂k|k = x̂k|k−1 +Kkek




The methodology chapter is separated into two main sections: microfluidics and
control systems. The content of this chapter generally applies to all projects, and
details pertaining to specific projects are described in the appropriate corresponding
subsection in subsequent chapters.
3.1 Microfluidics
3.1.1 Chip fabrication
The chip fabrication follows a standard soft photolithography procedure [245]. The
two main parts of the fabrication procedure are: the master and the polydimethyl-
siloxane (PDMS) chip.
The master is used to mould many instances of the same design. Heating the
silicone wafer at 170oC for at least 10 minutes reduces moisture and promotes adher-
ence of the SU8 on the surface. An initial ∼5 m layer of negative photoresist (SU-8
2005, MicroChem) is spin-coated on the silicon wafer to enhance the adherence of
the second SU-8 layer. Exposure to UV light is used to cross-link the whole surface.
The second layer of photoresist is spin-coated at the appropriate speed to obtain
the desired layer thickness corresponding to the microchannel height (typically 50
µm using SU-8 2025, MicroChem). The photoresist is then selectively exposed using
a photomask of the desired channel network design. Finally, the excess unexposed
SU-8 is removed using a photo-developer.
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The PDMS chip is fabricated by pouring a 10:1 mixture of the elastomer base and
curing agent (Sylgard 184) onto the silicon wafer. The curing is performed at 95oC
for 1 hour. After careful demolding of the PDMS from the silicon wafer, the channels
are formed by bonding the mould to a PDMS coated glass chip using oxygen plasma.
The chip must be heated for at least 24 hours at 150oC to retrieve its hydrophobic
surface property. The overview of the procedure to fabricate PDMS chips from the
silicon wafer master is shown in Figure 3.1.
Figure 3.1: Soft lithography fabrication procedure for PDMS chips (cross-sectional
view).
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3.1.2 Active control platform setup
The active control platform is partitioned into 5 main subsystems: the pressure
pump, the microfluidic chip, the microscope, the camera, and the computer. The
schematic overview of the flow of information is shown in Figure 3.2.
Figure 3.2: Schematic overview of the system with flow of information indicated by
the arrow direction. (a) Pressure pump (Fluigent MFCS-EZ) (b) PDMS microfluidic
chip (typical single T junction design) (c) Microscope (Nikon Eclipse Ti-E) with 4X
objective (d) Camera (Andor Zyla 5.5 sCMOS) (e) Desktop computer.
Actuation – Pressure pump
Generally, the pressure pump used is the Fluigent MFCS-EZ pump [82, 149]. The
4 outlets provide independent pressures applied at the microchannel inlets through
the reservoir holder and a connecting perfluoroalkoxy (PFA) tube. The reservoir
holder interfacing between the pressurized air and the fluid contained in the vials
enables fluids with different physical properties to be driven without calibration or
adjustment of the pump. The schematic of the reservoir holder is shown in Figure
3.3. The response time is much faster than a syringe pump. Furthermore, using a
pressure pump does not require complex chip manufacturing such as electrodes or
multiple layers.
System – Chip with microchannel network
The fabrication procedure for the microfluidic chip using PDMS is described in Sec-
tion 3.1.1. The soft-lithography fabrication of PDMS chips is well established, rela-
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Figure 3.3: Schematic of the reservoir holder used to interface between the pressurized
air and the fluid contained in the vials.
tively fast to prototype new designs, and a comparatively low-cost solution. These
advantages are prioritized in a research setting when multiple iterations are required
for the same design. However, the drawback is the tendency of the chip channels to
get obstructed by PDMS debris and the unstable surface property over time.
The transparent property of PDMS and glass to visible light is essential to the
imaging that provides the feedback for the controller.
Magnification – Inverted microscope
Considering the small scale of the microchannels used (usually, on the order of ∼100
µm), a microscope is required for the imaging at the proper resolution. The Nikon
Eclipse Ti-E inverted microscope is equipped with a 4X magnification objective [226].
The field of view must be stationary for image processing. Consequently, the im-
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portant section of the channel network where the T junction(s) is located must be
fully visible within the field of view. Higher magnification objectives provide better
micron per pixel resolution at the expense of the field of view size.
Imaging – Camera
The microscope is equipped with a camera attached to a C-mount (Andor Zyla 5.5
sCMOS [7]). The field of view previously discussed is also a function of the sensor
size that determines the area where light is sensed. The resolution (i.e. the number
of pixels in one image) is limited by the sensor size; if pixels get too small, this
leads to a problem with light diffraction. Consequently, the current camera setup is
optimized for the microscope aperture size with respect to the camera sensor size.
The data from the camera is transferred to the computer at a maximum rate of 40
frames per second through a USB 3.0 connection.
Processing – Desktop computer
The desktop computer provides the interface between the different subsystems as
well as the computational power required by the controller and the Graphical User
Interface (GUI). The custom system is developed in C++ on Windows 7 using the
open-source libraries Qt for the GUI and OpenCV for image processing. The com-
munication with the pressure pump and the camera is established using the software
development kits (SDK) provided by Fluigent and Andor respectively.
3.1.3 Flow sensors
The flow sensors are not required for the operation of the active control platform.
Nonetheless, measurements of the flow are useful for certain experiments.
Sensirion’s flow sensors accurately measure small flows using heat transfer prin-
ciples. A small heating element warms the fluid through the inner capillary wall.
Further down the capillary, a temperature measurement is used to determine the
flow.
Calibration
A variety of flow sensors from Sensirion are used; they are all aimed for microfluidic
applications. Thus, the measurement of small from rates–nL/min to µL/min–is
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precise. However, the factory calibration for water is not accurate enough. Moreover,
other fluids with other thermal properties are used. Hence, a calibration curve for
each fluid must be determined. The overall procedure is outlined below, but a more
detailed document is included in Appendix A.
The flow sensor allows us to record the raw data in bits; different sampling rates
enable different bit resolution. The smallest resolution is desired to measure the
constant flow rate; thus, a slow sample rate is selected. The syringe pump provides
a flow rate based on the inner diameter of a glass syringe. However, inherent os-
cillations in the syringe pump output require numerous data points to average the
uncertainties. Another important factor to reduce the oscillations is to ensure no air
bubble is present within the syringe and the tubing when recording data. The flow
must stabilize for 5 minutes before recording. Then, the raw flow sensor output in
bits is recorded for 1 minute for each selected flow rate of the syringe pump. More-
over, three repetitions of all set points are collected: one in increasing order, one in
decreasing order, and one randomly. Note that care must be taken when refilling the
syringe to limit and to evacuate to the waste air bubbles before starting to record
the data; the oscillations will be reduced. Sometimes, air bubbles stick to the piston
of the syringe. Filling the syringe and firmly emptying it with the tip still submerged
in the liquid will help evacuate the unwanted bubbles. Refilling the syringe should
then be without any bubble.
Micro-channel height measurement
The nominal height of the channels on the master is determined based on the SU8 vis-
cosity and the rotation speed of the spin coater. However, the swelling of the PDMS
chip leads to significant changes in channel dimensions. Therefore, experimentally
determining the channel height is required.
The resistance of a channel network is retrieved by applying constant pressure
at one inlet and measuring the flow rate. The resistance is then the ratio of both
measurements averaged over a few minutes, and for a rectangular cross-section, the
expression is given as per Equation 3.1 [31]. For a network of channels, an equivalent
resistance expression is built in combination with a numerical tool to find function












where Rhyd is the hydraulic resistance [Pa ·s/m3], ∆P is the pressure difference [Pa],
Q is the flow rate [m3/s], µ is the dynamic viscosity [Pa · s], L is the channel length
[m], h is the channel height [m] and w is the channel width [m].
The PDMS swelling is a dynamic process that requires time to achieve steady-
state. Consequently, a chip priming period is required to ensure the dimensions stay
the same during and after the channel height measurement. Moreover, the resis-
tance of the system components–except the microfluidic chip–must be considered
and compensated for from the global resistance. The first option is to use the nomi-
nal dimensions as per the manufacturer’s specifications and calculate the resistance
of the tubing and flow sensor. Although this method is relatively accurate and suffi-
cient in some cases, experimentally determining the resistance of the components is
more accurate. Hence, the second option requires experimental measurements of the
pressure and flow rate without a microfluidic chip. A simple solution to replace the
microfluidic chip and use the same tubing is a #10-32 to #10-32 union with minimal
dead volume in lieu of the chip.
3.2 Control system
3.2.1 Image processing
The feedback to the control system is provided through the location of the interface
between the two phases. The identification is performed using the camera in bright
field view; the glass slide and PDMS chip are transparent to visible light. After the
initial setup fixing the background and identifying the channels, the field of view
must remain static to properly identify the interface within the channels. Therefore,
the workspace available to manipulate the droplets is limited to the field of view
as dictated by the objective magnification and camera specifications. The image
processing steps are outlined in Figure 3.4. The raw image is first acquired at each
sampling period (step 1). The background is subtracted to remove the channel
outline; a threshold is applied to identify the edges of the objects (step 2). The
centre channel mask prepared during the setup phase is then applied to identify
the interfaces within the channels (step 3). The markers are the output used by
the controller. The droplets must be identified; in other words, that is determining
whether two markers are connected by the dispersed phase. The floodfill function
isolates the inside of the shapes (step 4). The edges and the internal are combined
to create droplets (step 5). Finally, the full channel mask is applied to exclude any
background noise, and obtain the full droplets (step 6).
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Figure 3.4: Image processing workflow overview. Reproduced with permission from
Ref. [311].
3.2.2 C++ implementation
The implementation of the system is in C++ using Visual Studio. The open-libraries
Qt and OpenCV are used for the graphical user interface (GUI) and image processing
respectively. This allows us to operate the system independently of licensed software
such as Matlab and Labview. The software development kits (SDK) are available for
both the Fluigent pressure pump and the Andor camera to control via custom C++
code. The implementation of the controller using C++ is digital and consequently,
takes into account the 100 ms sampling in converting the continuous-time equations
to discrete-time.
3.2.3 Modelling modularity
The model of the channel network is used for controller design and simulations. The
state-space model characterizing the physical system is built using modular blocks
representing the tubing or the channels; the properties of each block is assigned
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based on its dimensions, the materials, and the nominal properties of the dispersed
or continuous phase as described in Section 2.4. The modularity allows different
channel networks to be built quickly by using Simulink to retrieve the state-space
(A, B, C) equations. The state-space representation and MIMO approach is used to
capture the coupling between the channels through the pressure field.
3.2.4 Controller topology
The overall topology of the controller is shown in Figure 3.5 and the details of
the different components are explained in the following subsections. This controller
topology was initially designed and implemented by David Wong (a previous member
of the research group) [308, 311, 307]. The corresponding control law to the controller
topology is given in Equation 3.2.
u = −KP zP −KIzI −Ksx̂ (3.2)
Figure 3.5: Controller topology overview with the integral state feedback (z), the
state observer (x̂), and the Kalman Filter (KF ) for disturbance cancelation.
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Integral state feedback
The state feedback (KS) is used to drive the states to zero (e.g. the velocity of each
channel) while the integral (KI) and proportional (KP ) gains are used for tracking
purposes with respect to the reference signal (r). Considering the size of the system
with at least 14 poles (for the simple single T junction), the poles are located op-
timally using the Matlab Linear Quadratic Regulator (LQR) algorithm rather than
manual pole placement.
State observer
The states of the system are composed of a combination of current (analogous to ve-
locity) both in the tubes and in the channels, and of voltage (analogous to pressure).
Most states are not measured by the system; the only output available is the posi-
tion when an interface is present within a channel. Consequently, a state observer
is necessary in order to estimate the states and implement the state feedback as per
Equation 3.3.
˙̂x = Ax̂+Bu+ L(y − Cx̂) (3.3)
Kalman filter
The physical system is expected to include constant offsets due to the applied pressure
from the pressure pump not being equal to the pressure at the PFA tube inlet, and
because of the Laplace pressure across the water-oil interface. The Kalman Filter is
used to estimate the disturbance, and then, accordingly modify the input to cancel
it. Moreover, any uncertainties and noise present in the system are also compensated




The work included in this chapter is published: M. Hébert, M. Courtney, and C.
L. Ren, Semi-automated on-demand control of individual droplets with a sample
application to a drug screening assay, Lab on a Chip, 19 (2019), pp. 1490-1501 [111].
DOI: 10.1039/C9LC00128J
M. Courtney (Ph.D. candidate in the Waterloo Microfluidic Laboratory(WML)
at the University of Waterloo) provided expertise for the drug screening assay. Their
contribution is included assistance for the laboratory experiments, and editing of the
pertinent sections of the manuscript.
M. Hébert designed and performed the experiments in addition to writing and
editing the manuscript.
David Wong published work related to the technological advancement reported in
this chapter. Wong designed and implemented the closed-loop LQR-based controller
based on the circuit element analogy [308, 311, 307] (Section 4.3.1). My contribution
from this chapter is the additional algorithm for the so-called semi-automated droplet
manipulations (Section 4.3.2).
4.1 Overview
Automated control of individual droplets in microfluidic channels offers tremendous
potential for applications requiring high accuracy and minimal user involvement. The
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feasibility of active droplet control has been previously demonstrated with pressure-
driven flow control and visual feedback, but the manual operation required to per-
form droplet manipulations limited the accuracy, repeatability, and throughput. The
present study improves upon the aforementioned challenges with a higher-level algo-
rithm capturing the dynamics of droplet motion for a semi-automated control system.
With a simple T junction geometry, droplets can now be automatically and precisely
controlled on-demand. Specifically, there is ±10% accuracy for droplet generation,
±1.3% monodispersity for 500 m long droplets and ±4% accuracy for splitting ratios.
On-demand merging, mixing, and sorting are also demonstrated as well as the ap-
plication of a drug screening assay related to neurodegenerative disorders. Overall,
this system serves as a foundation for a fully automated system that does not require
valves, embedded electrodes, or complex multi-layer fabrication.
4.2 Introduction
Droplet microfluidics has been envisioned as an enabling technology for quantitative
analysis using monodispersed picoliter- to nanoliter-sized droplets as reaction vesi-
cles; they can be generated by injecting one fluid (i.e. water) into another immiscible
fluid (i.e. oil) within a network of microchannels. Applications range across various
fields including biological assays [337, 23], material synthesis [265, 143], water quality
assessment [176] and many more. The key advantages of using droplet microfluidics
lie in the low reagent consumption, shorter reaction time, and isolation of individual
reactions from each other.
From a mechanical engineering perspective, the different needs of various appli-
cations can be simplified to a series of droplet manipulations performed in a desired
order using droplet microfluidics as a platform. The manipulations include but are
not limited to: generating, splitting, merging, trapping, mixing, and sorting droplets.
The approaches to performing them can be categorized into passive or active meth-
ods. Notwithstanding the method selected, the challenge hindering most applications
pertains to the robust integration of the various functions on a unique platform.
4.2.1 Passive droplet manipulation
The extensive literature about passive droplet manipulations relies on the channel
geometry and inherent physical properties of two-phase flow (e.g. interfacial tension)
[336]. Manipulations such as generation [93], splitting [189] [113], merging [228],
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trapping[15], and sorting [109] have been reported but with minimal integration of
multiple functions sequentially on the same chip. Attempts at integrating multiple
steps on a passive platform have been successfully achieved but incorporate only a
limited number of functionalities [37, 125].
Although passive methods are widely used and studied, their robustness is chal-
lenged by manufacturing variations and defects, coupled dynamics, and operational
uncertainties that require extensive experience in the microfluidic field to mitigate.
Consequently, the passive microfluidic platforms are cumbersome to use for end-users
in the biological or chemical engineering field for instance. Furthermore, the design
of a microchannel network is application specific; thus, each change in the applica-
tion (such as changes in droplet volumes or channel width) requires a revision of the
design.
4.2.2 Active droplet manipulation
In contrast to passive methods, active methods allow more control over droplets.
While some methods focus on tuning the size of droplets generated passively for in-
stance [151, 35], other techniques allow gaining control over individual droplets, for
example, generating them on-demand [234, 140]. Splitting has also been achieved
through active methods such as those using magnetic force, but the platform deals
with relatively large volume on the order of microliters [127], or using surface acoustic
waves (SAW), which requires more difficult manufacturing techniques for electrodes;
although, Park et al. successfully demonstrated a reusable SAW substrate [234].
The ability to actively manipulate individual droplets is appealing to many appli-
cations, especially single particle or single cell analysis [11]. More control enables
on-demand encapsulation of single cell or particle into individual droplets, removal
of wastes after reactions by splitting droplets, perfusion of droplets with fresh media
for continuous reactions by merging droplets, and long reaction time by trapping and
storing droplets at the desired location. Such control can be achieved through the
implementation of feedback control.
Controllers using feedback have been implemented in the context of microfluidics
before to regulate: the size of the droplet generated [212], [331], droplet sorting [201],
hydrodynamic trapping [264], and particle steering [10] amongst other applications.
Nevertheless, direct control of droplets is more sparingly studied. Electrowetting-
on-dielectric (EWOD) allows dispensing, mixing, and splitting [78]. The limitations
associated with this platform include: direct contact between droplets and air making
them susceptible to evaporation; potential cross-contamination from path crossing;
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relatively large droplet volume ill-suited for single-cell analysis due to the consequent
low concentration; and limited applied voltage to prevent damage from the electric
field to the biological compounds for certain applications [316].
Active control of individual reaction vesicles has also been achieved using Quake’s
valves by controlling fluid flows in microchannel networks. This technique, however,
requires more complex multilayer chip fabrication and bulky external equipment for
the numerous solenoid valves [282]. Garstecki’s group also used solenoid valves to
generate droplets on-demand; the size of the input reagents can be independently
tuned [47], [46]. In their study, only one function (i.e. generation) is actively and
precisely implemented while other functions such as merging rely on passive tech-
niques. Improved control over multiple step processes such as dilution is achieved
with high precision [241] as well as multiple manipulations [132]. However, the use of
external valves is deemed more complicated and unnecessary with their fundamen-
tally different approach. Hence, the approach with direct modulation of the inlet
pressure (without additional hardware) is used.
4.2.3 Active control of individual droplet through pressure-
driven flow using visual feedback
To ensure robust performance without compromising functionality, an ideal system
should employ a simple channel network design and already-in-use hardware compo-
nents to multiplex performance. Such a proof-of-concept platform has been demon-
strated using a simple T junction to perform an unrestrictedly long sequence of
manipulations by leveraging the transparent properties of the chip materials with
the quick pressure pump response. By using visual feedback to identify droplet loca-
tion, the pressure can be adjusted to manipulate the droplets according to the user
input as implemented in real-time using the computer mouse [308]. This strategy
does not require complex multilayers, surface properties or electrode implementation.
The geometry can be tuned to accommodate the specifications of a particular ap-
plication; the number of inlets providing the different reagents can also be adjusted.
In addition, the overall platform and principle can be reused without going through
the lengthy design process and optimization typical of passive microfluidics.
Nonetheless, the caveat to the greater control is the loss of precision, speed, and
repeatability of manipulations due to the lack of human operational accuracy. This
becomes more challenging to end users with limited microfluidics experience. In or-
der to increase the robustness and speed of the series of manipulations carried out to
enable such a platform for practical applications, a higher-level of control is required
55
so that users can set up their desired droplet manipulations via a graphic user inter-
face (GUI) rather through manually moving a computer mouse. For example, users
can set a specific droplet length to generate or a specific ratio the droplet should be
split at by simply inputting these numbers in the GUI. The controller assisted with
the camera visual feedback will take care of the rest. This automatic approach marks
the beginning of the path leading to modular systems that can be widely adopted
by end users.
The advancement from a manual movement of a computer mouse to such an auto-
matic operation is very challenging. It requires: i) translation from intuitive human
decisions to a sequential workflow that is executed by an algorithm implemented
into the controller. For instance, an end user with minimal microfluidics experi-
ence can easily identify when two droplets have been successfully merged; however,
translating this situation to a condition understood by the algorithm is not straight-
forward; and ii) the implementation of the logic must ensure a maximal robustness
in order to minimize human interaction in case errors occur during the execution
of the workflow. Considering merging of two droplets as an example, the workflow
could stop operation when the identification of one droplet is momentarily unsuc-
cessful due to image processing. This study aims to develop technologies to address
these challenges towards the development of a fully automated platform that can be
widely adopted for various applications and can be easily used without considerable
microfluidics experience.
The end goal of a fully automated modular platform must be reached through
stepping stones; the first one achieved was the manual control [308]; before the au-
tomated manipulations can be implemented, the semi-automatic procedure is an
intermediate, yet large stepping stone. The functionalities developed with the semi-
automatic manipulations will be at the core of the fully automated platform. In
addition, the implementation of different semi-automatic manipulations is not triv-
ial at all due to the complexity of translating the human thought process to a ro-
bust algorithm. Succeeding the semi-automatic platform, the automated platform
will integrate multiple semi-automatic manipulations as well as further intermediate
functionalities such as moving a droplet across different channels. But most impor-
tantly, the automated platform will need to deal with the feasibility of the procedure.
Hence, the semi-automatic mode is critical as a stepping stone considering that the
fundamentals of the automated mode must be firmly established before moving on
to the procedure logic. Finally, the modulated platform will need another algorithm
layer to synchronize the modular automated platform modules between each other
and with respect to the desired sequence.
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4.3 Working principle
4.3.1 Manual control: modelling and controller design
The semi-automatic controller is built upon the controller developed for manual op-
eration with the novelty lying in the largely eliminated human interaction during
the procedure, and thus, the largely improved accuracy, repeatability and speed.
All details concerning the basic modelling of the channel network and the design
of the controller can be found in the previous study [311]. Briefly, manipulation of
individual droplets in a channel network under pneumatic control is a complex dy-
namic system requiring the understanding of the dynamic coupling effects between
the droplets, carrier fluid and applied pressures. The coupling effects are influenced
by the channel geometry, interfacial tension, fluid properties and applied pressures,
and governed by the mass conservation and law of motion. To model such a dynamic
system for manipulation of individual droplets is very challenging involving coupled
first- or higher-order differential equations. An alternative approach to the complex
fluid mechanics equations is to develop a state-space model method through an anal-
ogy between the fluid system and an electrical circuit where: pressure is analogous to
potential and velocity to current. A state-space model is a convenient matrix repre-
sentation of first-order differential equations describing a physical system (including
the coupled relationships) that leverages linear algebra for controller design.
The state of the dynamical system is fully represented by the state variable vec-
tor that includes: channel and tubing current (velocity), voltage (pressure) at the
interface between channels and tubing, and voltage (pressure) at the chip junction
where all three channels meet. Each channel within the network has an associated
resistance (Equation 4.1), inductance (Equation 4.2), and capacitance (Equation 4.3)





where µ is the dynamic viscosity [kg/m · s], l is the channel length [m], and dh is the
hydraulic diameter [m]
L = ρl (4.2)









where A is the cross sectional area [m2], κ is the substrate stiffness [Pa ·m], l is the
channel length [m], and β is the adiabatic bulk modulus [Pa].
The interaction and coupling between the channels can be modelled by assembling
the different individual RLC channel elements into a network. The state-space model
is obtained through Simulink analysis with the standard format ẋ = Ax+ Bu, y =
Cx where A,B,C completely characterizes the channel network configuration but
also its dimensions and fluids used.
From the state-space model, a Linear Quadratic Regulator (LQR) controller with
integral state feedback, and Kalman filter disturbance estimation and cancellation
is designed as per [311]. The LQR is used to stabilize the marginally stable system;
the integral of the states allow for zero steady error; the Kalman filter cancels the
offset due to the Laplace pressure and other disturbances.
The inputs to the controller are the pressure applied at each of the inlets while
its outputs are the displacement within each channel. The output is compared to a
reference value for which the error asymptotically reaches zero through the controller.
4.3.2 Semi-automatic droplet control
Fundamental functionality
The user can request droplet motion to the controller (e.g. adjusting the length
of the droplet to be generated) by pulling the interface in so-called manual mode;
however, precision, repeatability and speed vary between different manipulations of
the same user, and from one user to the other. In this semi-automatic mode, the
higher-level demands are inputted at the beginning through the GUI; leaving the
rest to the algorithm and the controller.
The building blocks of the semi-automatic procedures are the measure, wait and
move functions.
Measure The implementation of a relatively large feature with a nominal size of
500 µm next to all channel network designs allows users to scale pixels to actual
lengths. Image processing yields markers that indicate the interface between the
continuous (carrier fluid) and dispersed (drop) phase. The distance between markers
or from a marker to a junction can be measured using the calibration with the scaling
factor.
58
The accuracy of such measurements depends on the resolution of the camera, the
magnification of the microscope objective, and the calibration obtained from the 500
µm feature. The typical resolution for the experiments carried with the 4X objective
is 3.302 ± 0.007 µm/pixel (95%).
Wait The wait procedure is first initialized by resetting all internal variables, and
setting the desired time delay as requested by the user input. Then, once the timer
is started, the elapsed time is periodically compared to the desired delay. As long as
the timer is smaller than the delay, the change in reference for the specified channel
is set to 0, meaning that the droplet remains at the same position. Once the timer
exceeds the delay, the procedure can move on to the next step or standby for further
manipulations.
The comparison of the timer occurs at each loop of the software. The rate is
dictated by the hardware and response time. The current system samples at 10 Hz
and consequently, the accuracy is limited to ± 0.1 s.
Move Moving can be achieved either relative to the current position or to an abso-
lute distance from the junction. The difference in implementation is only in setting
the target position as the first step of the manoeuvre. Then, a proportional con-
troller is applied and is characterized by a gain (Kgain) and tolerance (ε). The gain
represents the speed of moving the interface and the tolerance describes the accept-
able difference between the objective (yobjective) and current position (ycurrent). The
reference for the specified channel is then changed (dr) until meeting the tolerance
(ε). Note that the tolerance should be larger than the precision provided per pixel.
A more complex controller is not implemented here considering that the change in
reference is handled by a LQR controller with integral state feedback that already
eliminates steady state error for tracking purposes.
dr = Kgain(yobjective − ycurrent) (4.4)
The accuracy achieved is related to the calibration of micron per pixel that sets
the lower limit. Nonetheless, due to the dynamic changes of the system and the
limited actuating (i.e. pressure) power available, the achieved accuracy is generally
larger than the calibration value.
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Software implementation
The details of the logic behind the software implementation are included in ESI 1
(Section 4.8) for the generation, merging and splitting of droplets with brief descrip-
tions of every step.
The logic of the semi-automatic controller mimics the steps a user would perform
in manual mode. Every step is performed as per the flowchart, for instance, for
merging two droplets as shown in Figure 4.1. Each block type is defined in the
legend as: user input, condition, semi-automatic control or data. The nomenclature
concerning the chip itself is defined in the top right corner of the figure. The channels
are arbitrarily separated at the junction. The interface between the water and oil
phase is indicated for both the source channel (one interface) and a droplet (two
interfaces, one at each end). The position of the interface can be defined from the
junction point as the current position y. The image processing identifies the interface
from the contrast between the two phases.
4.4 Experimental setup and methods
4.4.1 Materials and chip fabrication
The continuous phase used throughout all experiment is silicone oil with a viscos-
ity of 50cst while ultrapure water is used as the dispersed phase unless otherwise
indicated. If other fluids are required such as water-glycerol mixtures and oils of
different viscosity, the changes in physical properties are reflected in the controller
design (Feedback Controls in Droplet Microfludics [311]) through the RLC param-
eters as per Equations 4.1 to 4.3. Note that no surfactant is used for any of the
experiments as the focus of this study is to develop a semi-automatic platform.
Adding surfactants would change the interfacial tension which could be considered
in the controller later.
The master of the microchannel network design is manufactured using a silicone
wafer for its low surface roughness properties. SU8-2025 (MICROCHEM) is spin
coated in order to obtain a thickness of 50 µm after which it is exposed to UV
light through the photomask. Then, the unexposed region is developed using SU8
developer. The chip is fabricated using polydimethysiloxane (PDMS) and a standard
soft-lithography procedure [245].
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Figure 4.1: Flowchart representation of software logic for merging two droplets.
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4.4.2 System overview
The microfluidic chip manufactured as per section 4.4.1 is central to the system that
is composed of four other components: camera, microscope, computer, and pressure
pump shown in Figure 4.2. The arrows represent the flow of information. The time
required to complete the loop is of crucial importance to the system stability. The
current setup allows sampling at 10 Hz which is mainly limited by the pressure pump.
Figure 4.2: System overview for active control of droplet in microchannels through
pressure-driven flow. (a) Nikon Inverted Microscope ECLIPSE Ti-E, (b) Andor Zyla
5.5 sCMOS camera, (c) personal computer, (d) Fluigent MFCS-8c pressure pump,
(e) microfluidic chip.
Visual feedback is provided by the camera and microscope, and is used to image
the chip in real-time. Note that for this system, the field of view must be stationary
and cannot be modified. Consequently, the microscope objective magnification is a
trade-off between the size of the field of view and resolution (micron per pixel); the
magnification used is 4X. The image is relayed to the computer through USB 3.0
communication and analyzed using image processing to extract the location of the
two-phase interface. Then, the controller calculates the necessary actuation based on
the current and desired positions. Finally, the pressure pump is instructed to apply
the various pressure independently to each inlet of the chip.
62
4.5 Result and discussion
4.5.1 Automated on-demand individual manipulations
Each manipulation can be executed in an arbitrary order according to the desired
application. Furthermore, if the results such as droplet length or splitting ratio are
deemed unsatisfactory, the procedure can be repeated. The high versatility and
multiplexing are key characteristics of this technique.
Generation
Generating a droplet on-demand can be achieved through four main stages: filling
the source channel, droplet adjustment in the destination channel, sectioning at the
desired length with respect to the T junction, and stabilization. The performance
achieved is ± 10% on the resulting droplet length for the requested droplet length
ranging from 150 - 750 µm as shown in Figure 4.3. The accuracy improves to ±
5% for longer requested droplet length because of the relatively smaller errors and
the more stable junction region. The uncertainties are related to the resolution
(micrometres per pixel) and the dynamic pressure variations (See Section 4.5.2 for
more details). A smaller channel width of 50 µm as compared to 100 µm allows more
robust generation of smaller droplets in the squeezing regime.
Furthermore, the monodispersity of the generated droplets is assessed through
the standard deviation of a sample size of 43 for which a droplet length of 500 µm
was requested in a 50 µm wide channel (see Table 4.1). The resulting monodispersity
of the generated droplets (i.e. standard deviation divided by mean: σ/x̄) is 1.3%.
Comparatively, monodispersity of droplets generated passively at a T junction has
been reported as 2% [314]. The sequence of steps to generate a droplet is shown in
Figure 4.4 as well as in ESI.S3†.
Splitting
The ratio at which a droplet is split into two daughter droplets can be selected with
an accuracy of ± 4%. The droplet must first be manually positioned overlapping
the two side channels across a T junction. Then, the distance from one end of the
droplet to the junction is adjusted automatically before sectioning and stabilizing
the two daughter droplets. The limitation of the smallest splitting ratio depends on
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Figure 4.3: On-demand droplet generation distribution using semi-automatic control.
Table 4.1: Statistical analysis for droplet generation performance.
Description Value
Requested length [µm] 500
Sample mean x̄ [µm] 490
Sample standard deviation σ [µm] 6.5
Sample size 43
Monodispersity (σ/µ) 1.3 %
the channel width (w); a droplet of less than ∼ 1.5w cannot be requested in order
to stay within the squeezing regime as shown in Figure 4.5.
The control over individual droplet movement allows one of the daughter droplets
from a first split to be moved to a section with a smaller channel width in order to
split a second time. Hence, higher precision can be achieved if, for instance, the
original droplet would be too large to fit within the field of view at the smaller width
due to its consequent increased length. The control over the splitting procedure is
foreseen to have potential in applications requiring a wash operation. The sequence
of steps to successively split a droplet is shown in Figure 4.6 as well as in ESI.S4†.
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Figure 4.4: Droplet generation process (a) Source channel setup completed and ready
to generate droplet (b) Filling of the source channel and overflow in other channels at
the T junction (c) Manual selection of the new marker in the destination channel (d)
Adjustment of the droplet length with respect to the junction (e) Droplet sectioning
(f) Final stage with both interfaces stabilized.
Merging
Merging of two droplets can be achieved by ensuring that the droplets, especially
those of uneven length, reach the T junction simultaneously and with enough mo-
mentum to break their interface. The sequence of steps to merge two droplets is
shown in Figure 4.7 as well as in ESI.S5†.
Mixing
When two droplets containing different content are merged, mixing can be enhanced
through active motion. Mixing in the droplet microfluidic context is challenging due
to the inherent laminar nature of the flow. However, the T junction allows motion
perpendicular to the two main vortices flowing symmetrically along the channel axis
in a droplet. Hence, cross-flow is induced and significantly enhances mixing.
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Figure 4.5: On-demand droplet splitting distribution using semi-automatic control.
Mixing is quantified using the mixing index as defined by Danckwerts [61] where







In Figure 4.8, a mixing index threshold of 0.85 is deemed satisfactory. Moreover,
the mixing index before merging considers the pixel values of both the water and
dye droplets and is initially low. Hence, the large increase of the mixing index shows
the successful mixing through active control of the droplet. The active mixing is
completed under 30 seconds. The manipulations could be improved and performed
faster through higher actuation gains (although at the expense of stability) and
automated steps.
The sequence of steps to mix two droplets is shown in Figure 4.9 as well as in
ESI.S6†. Note that Figure 4.9 uses methylene blue dye to show the contrast between
the two droplets while 100 µM Thioflavine S fluorescent dye was used to gather the
data for mixing index calculations during separate experiments.
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Figure 4.6: Successive droplet splitting process (a) Setup of the initial droplet (b)
Adjusting the distance of markers with respect to the junction and the desired split
ratio (c) Sectioning the droplet (d) First split completed for the 150 µm channel
width (e) Sorting of the desired droplet to be split again (f) Transition to the 75 µm
channel width region (g) Manual setup of the droplet (h) Adjusting the distance with
respect to the second junction (i) Sectioning the daughter droplet (j) Final product
of the double splitting with greater precision.
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Figure 4.7: Droplet merging process (a) Initial manual setup of the two droplets on
either side of the T junction (b) Both droplets reach the T junction simultaneously
(c) The interface breaks and the two droplets merge (d) Merging is complete.
Sorting
Sorting can be implemented by discarding the undesirable droplet. When performing
manipulations on a droplet, an unwanted daughter droplet of a split, for instance, can
be moved in a continuous phase channel and discarded while the droplet of interest
is retained and can be further processed.
The sorting capability is shown during the double splitting procedure in Figure
4.6; after the first split, one of the two daughter droplets is selected as desired for
the second split procedure while the other is discarded hence effectively sorting the
droplets.
The ability to arbitrarily select desired droplets is of particular interests for ex-
ample following the result of an assay. Depending on the result, the droplet can be
further processed or discarded. Furthermore, the combination with the immobiliza-
tion capabilities is promising for applications requiring incubation.
4.5.2 Limitations and uncertainties
Generation and splitting precision
The limitations in terms of performance are determined by the width of the chan-
nel. Smaller channel width permits the generation and splitting into shorter length
droplets.
The accuracy of generating and splitting droplets is established as ± 10% and
± 4% respectively; one of the limiting factors is the resolution of microns per pixel
determined by the camera specifications. However, the main source of uncertainties
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Figure 4.8: On-demand droplet mixing index according to resulting droplet total
length.
is from the dynamic pressure changes. The main sources of short-term pressure oscil-
lations are: the response of the pressure pump, PDMS compliance, and the sampling
period. The most effective mitigation would be to improve the pressure actuation
rate (currently, 10 Hz) because, within these 100 ms intervals, the pressure cannot
be changed. Hence, the sampling rate represents a hard limit on the reduction of
the short-term oscillations. Considering the current system, the two most significant
delays limiting the sampling rate are the pump communication and image processing.
Throughput
One important drawback of this technique is the limited throughput that is traded off
for the increased control on droplet manipulations. The currently limited sampling of
10 Hz for the hardware is a hard limit on the throughput. Furthermore, the manual
manipulations currently required between the semi-automatic manipulations result
in a throughput that cannot be pertinently calculated in Hertz. Nonetheless, the
potential to fully automate the sequence of manipulations is foreseen to significantly
improve the throughput compared to the semi-automatic mode.
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Figure 4.9: Droplet mixing process (a) Initial manual setup of the two droplets on
either side of the T junction (b) Merging of the two droplets (c) Initial position after
merging before mixing manipulations (d) Mixing on one side of the T junction with
part of the droplet in each of the three channel (e) Transition to the destination
channel with once again a part of the droplet in the third channel to break the
symmetry of flow within the droplet (f) Final droplet fully mixed.
4.6 Application to a drug screening assay
4.6.1 Context and motivation
Neurodegenerative disorders (e.g. Alzheimer’s disease, Parkinson’s disease) can be
related to tau-protein aggregation [215]. The assay used herein aims to quantify
the efficacy of an inhibitor (Orange G) in the presence of a peptide (Ac-VQIVYK-
NH2 (AcPHF6)), which is derived from a full-length tau protein. To quantify the
aggregation, a fluorescent indicator dye (Thioflavine T (ThT)) is used [267]. The
aggregation is triggered by the PBS buffer upon merging of the droplets: droplet A
contains the peptide dissolved in ultrapure water while droplet B contains the fluo-
rescent indicator with the inhibitor dissolved in buffer. The excitation and emission
peaks of the fluorescent dye (ThT) shift upon physically binding the tau-aggregate,
and therefore it can be used to track aggregation over time.
Microfluidics approaches to drug screening [51] have two main advantages over
traditional 96-well plate assays [123]: reduced reaction time from the smaller length




The following chemicals were obtained from Sigma-Aldrich: Orange G (for NA elec-
trophoresis), Thioflavine T, solid Phosphate-buffered saline (PBS), and dimethyl
sulfoxide (DMSO). The AcPHF6 peptide was acquired from Celtek Peptides. The
DMSO was used to help dissolve the Orange G in the PBS buffer solution.
The microscope camera is used to record the fluorescent images (16-bit depth)
and the data is extracted using post-image processing. The camera (Andor Zyla 5.5
sCMOS) is set to an exposure time of 2 seconds. The excitation wavelength is 440
nm while the emission wavelength is 490 nm using a fluorescence filter (CFP-HQ)
with the inverted microscope (Nikon Ti-E).
While the fluorescent data is recorded for a period of more than 6 min (every 2
seconds) after merging of droplet A and B, the controller must be turned off because
it is only operational for bright field view. Although the droplets mainly remain
stationary, there can be slight movement along the channel. In order to track the
droplet motion, a correlation along the channel is used with a mask of the droplet
shape. Assuming that the background is dark (pixel value near 0), the fluorescence
from the droplet will be taken into account in order to locate the droplet. After the
mask is applied at the proper position, the average of all pixels value is simply taken.
Further details are included in ESI 2 (Section 4.9.1).
Whether the dye self-aggregates or not is verified by taking a fluorescent image of
the droplets and confirming that there is no significant fluorescent intensity compared
to the background before merging.
The concentration of each compound after droplet merging is presented in Table
4.2. The two droplets merged are, nominally, of equal length beforehand. Conse-
quently, the solutions prepared are twice (i.e. 32µM) the concentration indicated in
the table (i.e. 16µM after merging).
Three trials were performed for each droplet composition. The first and second
data set are collected from the same chip, on the same day for repeatability purposes.
The third data set is from a different chip on a different day for reproducibility
purposes. Figure 4.10 shows the average pixel intensity of the three data sets with
the corresponding standard deviation.
The ThT fluorescent indicator photobleaches due to its photosensitivity. Con-
sequently, the initial intensity of the merged droplet decreases over time. In order
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Table 4.2: Final concentration after droplet merging for each compound.
Experiment Positive control Orange G Negative control
AcPHF6 [mg/ml] 0.06 0.06 —
ThT [µM] 3.0 3.0 3.0
Orange G [µM] — 16.0 —
PBS buffer [mM] 16.0 16.0 16.0
DMSO (% v/v) < 1 % < 1 % < 1 %
to compare the data between different trials, the intensity is offset from the initial
value to only analyze the difference (or increase) in fluorescent intensity. A negative
control is also used to help confirm that the dye does not self-aggregate or increase
with intensity over time.
4.6.3 Results and discussion
The results for the positive and negative experiments are presented in Figure 4.10
along with the results using the aggregation inhibitor Orange G. Figure 4.11 shows
the images of the fluorescent intensity at several time steps for all three cases.
If the dye self-aggregates, there will be a fluorescent signal unrelated to the protein
aggregation. Therefore, it is important to verify. The negative control confirms that
this is not the case, as there is no significant increase in intensity. Furthermore to the
negative control, the images (both bright field and fluorescent view) captured before
the droplets merging are used to confirm that the dye is not emitting a fluorescent
signal before the aggregation is triggered for all cases.
The positive control does not involve the Orange G chemical. The peptide
(AcPHF6) aggregation is triggered by the PBS buffer upon merging. The fluo-
rescent dye (ThT) is used to track the reaction as the intensity increases over time.
Eventually, a plateau is reached and sets the intensity baseline that is compared to
the experiments involving the aggregation inhibitor (Orange G). For those experi-
ments, the 32 µM Orange G solution is added to the droplet containing buffer and
fluorescent dye. Orange G reduces aggregation which can clearly be seen with the
lower fluorescent plateau in Figures 4.10 and 4.11.
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Figure 4.10: Fluorescent intensity change of Thioflavine T corresponding to the ag-
gregation of AcPHF6 over time with and without the Orange G inhibitor. Error bars
show standard deviation for 3 sets of experiments. Qualitative assessment showing
the reduced fluorescent aggregation from the inhibitor.
4.6.4 Challenges and further direction
As previously mentioned, neurodegenerative disorders are linked to protein aggrega-
tion. While the fluorescent dye allows the aggregation to be tracked, analyzing how
the aggregation is impacted by the addition of other chemicals is useful to develop
drugs. The platform is applied to this particular assay as a proof of concept rather
than a thorough study of the influence of Orange G on AcPHF6 protein aggregation.
Certain challenges were encountered and are addressed in this subsection.
As noted for certain figures, the intensity of the screenshots is uniformly artifi-
cially increased for better readability while retaining the same trend. The overall
weak fluorescent signal is attributed to photobleaching of the Thioflavine T dye. The
illumination of the dye occurs during the setup (after the filled tubes are connected)
as well as on-chip from the microscope light. Considering the slow flow rates (even
often immobilized solutions), the photobleaching effects are significant and should
be mitigated to study the protein aggregation more thoroughly.
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Figure 4.11: Artificially brighter screenshots of fluorescent intensity change of
Thioflavine T corresponding to the aggregation of AcPHF6 over time with and with-
out the Orange G inhibitor. Original image comparison shown in ESI 2 (Section
4.9.2).
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Another main challenge is that the surface properties of PDMS chips degrade over
time, limiting the amount of data that can be collected per chip. Moreover, PDMS is
porous and will absorb the dye, leading to an overall increase in background intensity
over time.
The chemical solutions used are temperature sensitive; warmer temperatures pro-
mote self-aggregation. The peptides can self-aggregate (without the PBS buffer)
that is highly undesirable. Although the dye self-aggregation is controlled for by the
screenshots before merging and the negative control, this caused problems on other
trials not herein included. The reservoir holder with the vials is kept in an ice bath
to maintain a low temperature. However, the small dimensions of the tubing con-
necting to the chip as well as the small channel dimensions lead to a quick thermal
exchange with the room temperature. Once again, similarly to photobleaching, this
negative factor is exacerbated by the slow flows used with this platform.
Finally, the impact of droplet length on concentration should be more thoroughly
analyzed to better quantify the variations. This is further discussed in ESI 2 (Section
4.9.3). Nevertheless, the use of the active control platform to perform drug screen-
ing assays has advantages albeit requiring further work to address the challenges
mentioned above.
The trapping mechanism is leveraged (albeit not perfectly due to the necessity
of fluorescent images), and as demonstrated in ESI 2 (Section 4.9.1), the small dis-
placement can be compensated for. Passive methods, on the other hand, face many
more challenges to trap droplets. The solutions are tailored to a particular droplet
volume for instance and would require different designs for different droplet lengths.
Moreover, the active platform has the potential to perform multiple tests on the
same chip by adding more inlets with the solution for the negative control, Orange
G concentration, and positive control. The Orange G concentration could also be
varied by using two droplets of different length ratios before proceeding with the
other steps. Different inhibitors at different concentrations could also be combined,
and then, tested in parallel that is very beneficial and highly desirable for high-
throughput screening.
The development of a controller operational also during fluorescent imaging would
be useful to limit the displacement of droplets consistently and automatically for
more efficient testing.
Another potential solution to the issues raised is to change the PDMS-based chip
for a glass chip. The surface properties can similarly be maintained hydrophobic
with potentially more stability and there would be no issue with porosity.
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4.7 Conclusion
The work performed by Wong et al. was a proof-of-concept study in demonstrating
active control of individual droplets through the actuation of the pressures as per the
information extracted from the visual feedback. The caveat to the additional control
was the loss of precision due to poor human repeatability and performance. Hence,
a higher-level algorithm is developed and implemented to achieve automated droplet
generation on-demand of varying size, droplet splitting at specific ratios, merging,
mixing, and sorting. Repeatability and robustness are of particular importance to
use this platform for applications. Furthermore, the implementation does not require
complex manufacturing techniques and although multiple functions are implemented,
the footprint of the chip remain small due to the multiplexed functionality of the T
junction.
A further advantage to this active droplet manipulation is the reduction in reagent
consumption. Comparatively, passive droplet microfluidics requires a setup and sta-
bilization phase that significantly increases reagent consumption as droplets are pro-
cessed but not fit to be analyzed yet.
A natural extension of this work would be to further develop the semi-automatic
algorithm to a fully automated mode. A procedure would be customized by the end
user with minimal interaction required as it is automatically executed and data is
collected. Hence, the platform would be more accessible to people in the biological or
material science field as a tool without requiring in-depth knowledge about droplet
microfluidics.
The application of the active control technology to a drug screening assay suc-
cessfully demonstrated the potential impact of this microfluidics tool in another field.
The positive and negative control curves for the kinetics of the tau-protein aggre-
gation were obtained alongside a concentration of inhibitor (Orange G). The results
demonstrated qualitatively the reduction of fluorescent aggregation by the inhibitor.
4.8 Electronic Supplementary Information: ESI 1
– Software logic
The objective of the following sections is to present the logic implemented in the
software for each semi-automatic manipulation. First of all, some terms and inter-
mediate steps will be defined. Then, the semi-automatic procedure for generating,
merging and splitting droplet will be outlined in flow charts.
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4.8.1 General definitions
Channel The channel network is divided in arbitrary channels that are numbered
and controlled independently, the positive direction is always towards the nearest
junction.
Interface Identifies the droplet limit at the interface between oil and water.
Junction Defines the point at the intersection of three channels that is used for
measurement.
Current position Defines the position ycurrent where the interface is located
within the channel with respect to the junction.
Figure 4.12: Definitions of elements to understand active droplet control.
4.8.2 Flow chart legend
User input Includes any action that requires human intervention from the user
through the graphical user interface (GUI).
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Condition Defines a state for which specific condition(s) must be met (for instance,
the position with respect to the tolerance) in order to progress to the next step.
Semi-automatic control Specifies a step implemented in the software with its
general description.
Data Shows the flow of information (depending on the arrow direction), usually
represents variables stored in memory that can also be displayed to the user.
4.8.3 General to all flow charts
Parameter definition The user must define key parameter values (if different
from default values) using the graphical user interface (GUI).
Tolerance (ε) Defines how close to the objective the current position must be
before moving to the next step, limited by the resolution of microns per pixel.
Gains (K) Influences the dynamic response of how “fast” the interface reaches the
objective position, e.g. Kgain in Equation 4.
Start the sequence Debut of the takeover of the semi-automatic algorithm over
manual control initiated by the user.
Initial data storage Calculated and measured quantities based on the initial stage
of the system when the sequence is initiated.
Link channels Synchronizes two channels such that they move in unison.
Reverse link channels Links the displacement in two channels such that they
move in opposite directions.
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Split and move away From reverse link of the two appropriate channels, moving
in opposite direction leads to the formation of two new interface; the motion away
from the junction is implemented to prevent the accidental merging back of the two
new interfaces.
Wait to stabilize A delay is implemented such that the droplet(s) can stabilize
at their respective location.
Stabilized result droplet(s) No change in the desired droplet position, immobi-
lization of the droplet(s) of interest for accurate measurement.
4.8.4 Specific to the droplet generation flow chart
Desired droplet length [µm] User-specified droplet length to be generated.
Distance to junction Scaled measurement between the interface and the junction
point.
Move towards junction The interface is moved towards the junction such that
the dispersed phase overflows in the adjacent channels to the junction.
Interface selection in new channel The user must select (using the mouse) the
interface in either of the adjacent channels for which the length will be adjusted.
Adjust droplet length The distance between the interface and the junction is
matched to the desired droplet length within the specified tolerance.
Droplet length Output of the length of the droplet generated as per the micron
per pixel scaling.
4.8.5 Specific to the droplet merging flow chart
Droplet closest to junction The interface of one of the two droplet that is
measured closest to the point defining the junction.
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Droplet furthest from junction As opposed to the droplet closest to junction,
the interface that is furthest from the junction as per the initial measurements.
Droplets equidistant from junction The interface of both droplets at an equal
distance from the junction in their respective channel.
No more initial droplet interface The two initial interface have merged and as
such do not exist anymore.
4.8.6 Specific to the droplet splitting flow chart
Desired droplet ratio [%] User-specified droplet ratio to be obtained from the
two resulting droplets.
Initial ratio Calculated from the initial state of the system.
Distance to move Calculated based on the desired ratio and current state of the
system.
Adjust droplet ratio The distance between one of the interface and the objective
position is matched within the specified tolerance.
Droplet ratio [%] Ratio based on the measurements of the two droplets obtained
at the end of the procedure.
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4.8.7 Flow charts
Figure 4.13: Flow chart for generation of a droplet of a specified length.
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Figure 4.14: Flow chart for merging of two droplets.
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Figure 4.15: Flow chart for splitting of a droplet at a specified ratio.
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4.9 Electronic Supplementary Information: ESI 2
– Drug screening
4.9.1 Image processing and data acquisition
This section explains the relevant details pertaining to the application of the plat-
form to drug screening experiments. Some images have their brightness artificially
increased to improve contrast for better visualization. All modified images are clearly
indicated as such. Note that the images analyzed to collect the data are the original
ones without exception.
Image acquisition
The images are acquired using a 4X objective attached to a Nikon Inverted Micro-
scope ECLIPSE Ti-E. Using the fluorescent filter CFP-HQ, the excitation wavelength
is 440 nm while the emission wavelength is 490 nm. The images are then recorded
using an Andor Zyla 5.5 sCMOS camera attached to the microscope side-mount.
The exposure time is set to 2 seconds, and correspondingly, the camera 16-bit
depth image is saved every 2 seconds for at least 6 minutes. Afterwards, a bright
field image is saved to obtain the droplet contour. Finally, the fluorescence of the
background is recorded at the end for each set of experiments.
The 6 minutes of recording is of the droplets after merging to assess the ag-
gregation triggered by the buffer. Beforehand, while the solutions are still in the
two separate droplets, the bright field and fluorescent image are recorded in quick
succession (< 5 seconds) as a baseline and to ensure the dye did not self aggregate.
Image processing
The images are processed using macro scripts in the open-source software ImageJ.
Most of the processing steps are automated. For each new data set, the appropriate
region of interest (ROI), which limits the scope of image processing to the portion
of the channel containing the droplet, is manually selected. Also, the processing of
the bright field image required varying originating points for the floodFill function.
The rest of the steps were automated for consistency and efficiency purposes.
The processing steps before and after merging are illustrated in Figures 4.16 and
4.17 respectively. Note that the image processing is performed using ImageJ up to
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the cropping and background subtraction (Figure 4.17(c)). Afterwards, the images
are exported as text files containing the greyscale value for each pixel in a matrix.
The text files are then imported into Matlab for further processing and plotting as
explained in the following section.
(a) Initial bright field image. (b) Initial fluorescence before droplet merg-
ing.
(c) Mask obtained from thresholding, flood-
Fill, and erode of region of interest (ROI).
(d) Fluorescent image (b) after background
subtraction and the mask is applied.
Figure 4.16: Image processing before droplet merging. Uniform intensity confirms
the dye did not self aggregate.
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(a) Bright field image of the droplet (after merging of the two solutions).
(b) Mask from the bright field image using thresholding, floodFill, and erode functions in
ImageJ.
(c) Cropped frame for each interval (after background subtraction). Intensity artificially
increased for better contrast.
(d) Mask applied with displacement from the correlation along the channel (59 pixels
displacement) to eliminate background noise and only have fluorescent intensity from the
pixels contained in the droplet. Intensity artificially increased for better contrast.
Figure 4.17: Image processing after droplet merging. Correlation along the channel
to locate the droplet and apply the mask.
Data acquisition
The droplet mask and cropped fluorescent image (as seen in Figure 4.17(b) and
4.17(c) respectively) are imported in Matlab as a 2D array containing the greyscale
intensity for each pixel.
The overall fluorescence of any droplet is calculated by averaging over all pixel
values contained in the droplet. For the two droplets before merging, the bright
field (for the mask) and fluorescent images are taken few seconds apart without
the droplets having the time to move significantly. Consequently, the mask can be
directly applied to eliminate background noise.
After the droplets are merged, the images are recorded over a longer period of
time. Although the displacement is carefully monitored and minimized through
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minute manual pressure adjustments, the fluorescent droplet travels along the chan-
nel. Thus, the droplet must first be located in order to apply the mask. Correlation
in the direction of the channel is used to establish the displacement yielding the
highest sum over the mask pixels. The assumption is that any of the background
noise would be less bright than the fluorescence of the droplet. This can quickly
be confirmed through quick visual inspection of the images such as 4.17(c). Then,
the mask is applied with the calculated offset to only keep the fluorescent intensity
within the droplet as shown in Figure 4.17(d). An example of the data with and
without correlation with the displacement over time is given in Figure 4.18.
Negative control For negative control, due to the low pixel intensity, the cor-
relation algorithm fails to accurately locate the droplet. Nonetheless, the interface
location can (barely) be identified visually. In order to circumvent the limitations
of the image processing without requiring more complex algorithms, a Matlab script
was used to record the manually identified location for each frame. For each frame
for the duration of the recording, the picture is displayed and the user can identify
the interface by clicking on the appropriate location. The corresponding displace-
ment is recorded, and the next image is displayed. This is performed for all frames
to obtain the displacement curve in order to properly offset the mask. The human
error introduced by this procedure is deemed negligible.
Moreover, for the negative control, the overall background intensity had a slow
drift that is believed to be artificially induced by light variations. To compensate
for such slow drift, an area further down the channel not containing any droplet was
selected. The average of all pixels over time were used to subtract the background
intensity drift that affected the whole image.
Data treatment
The curves obtained for the average intensity of the droplet over the 5 minute interval
differed in their absolute value. The difference is attributed to the photo sensitivity
of the ThS dye. The photo bleaching is not constant due to varying amount of
illumination before the data is recorded. The variations in time are due to changing
setup time required and the time location of the data for a specific chip (i.e. multiple
data points were collected for each chip with the overall intensity decreasing for the
later data collected). In order to compare the data, the change in fluorescent intensity
is considered by offsetting all points using the first averaged intensity. This method
also compensates for any changes in background intensity.
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(a) Comparison between the averaged pixel intensity with and without correlation for the mask
location from the Orange G (01) curve.
(b) Corresponding displacement obtained with the correlation along the channel.
Figure 4.18: Image processing after droplet merging. Correlation along the channel
to locate the droplet and apply the mask.
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4.9.2 Screenshot artifical intensity increase
As noted in the article, the screenshots of the fluorescent intensity are artificially
and uniformly increased for better visualization and understanding. The trend in
fluorescent intensity depending whether peptide and orange G are present is hence
clearer. Figure 4.19 shows the original image and brighter image side by side.
(a) Original brightness. (b) Artificially increased brightness.
Figure 4.19: Side by side comparison of the drug screening screenshots: before and
after increasing the brightness. The purpose is for better readability and visual
representation of the assay. The data is extracted from the untouched images.
4.9.3 Length variations between the two droplets
The variations in the length of the two droplets before merging affect the drug
screening results. However, the impact is deemed insignificant for the purpose of
this study that aims at showing the potential use of the platform rather than a
standalone drug screening study.
The effect on the kinetic in terms of time for the reaction is deemed negligible.
Figure 4.20 shows schematically (albeit simplified) the resulting droplet after merg-
89
ing. The principal diffusion length between the two solutions is then the channel
width (that is independent of droplet length) rather than the droplet lengths. The
bigger impact is on the final concentration of each solution that assumes the merging
of 2 droplets of exactly the same length.
(a) Two droplets before merging. (b) Single droplet after merging.
Figure 4.20: Schematic representation of the merging of the two droplets and the
simplified distribution of the solutions in the resulting single droplet.
4.10 Electronic Supplementary Information: ESI
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Chapter 5
An open-source pressure pump
system: μPump
The work included in this chapter is published: R. Z. Gao, M. Hébert, J. Huissoon,
and C. L. Ren,pump: An open-source pressure pump for precision fluid handling in
microfluidics, HardwareX,7 (2020), p. e00096 [90].
DOI: 10.1016/j.ohx.2020.e00096
R. Z. Gao (Ph.D. candidate in the Waterloo Microfluidics Laboratory (WML)
at the University of Waterloo) equally contributed to the work. Their contribution
started as an intern student and continued into their graduate studies in the WML.
The bulk of their contribution focuses on hardware design with the corresponding
assembly instructions and other documentation. They participated in writing the
manuscript draft.
M. Hébert provided supervision throughout the project. Their other major con-
tribution is the software design, implementation, and documentation. They also
completed the image processing for validation of droplet volume. For the manuscript,
they contributed to the sections pertinent to the focus of their work and also to the
edition of the manuscript drafts.
5.1 Introduction: Hardware in context
Microfluidics deals with the study of fluids at the micron scale. The small scale
provides key advantages including lower reagent consumption, shorter reaction time,
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and lower cost. Applications range across a variety of fields, including material
synthesis [260], biological assays such as PCR [153] and drug development [261],
organs-on-a-chip [243] and fuel cells [163]. Most microfluidics platforms use either a
syringe pump or a pressure pump to drive the fluids.
In the context of droplet microfluidics, syringe pumps are commonly used when
a pressurized air source is unavailable. However, their long and persistent transient
is undesirable for high-performance applications [159, 149]. Harvard Apparatus is
one of the common providers of commercial syringe pumps. The syringe pump
technology is relatively simple and relies on a stepper motor linearly driving the
piston of a syringe; hence, building such a prototype is fairly straight forward and
has been documented in the literature [168].
Pressure pumps reduce both long and short term oscillations. Commercial sys-
tems typically cost more than syringe pumps and are made by companies such as
Elveflow and Fluigent. Although some commercial systems have software develop-
ment kits (SDKs) available, the pump is effectively a black box, and customization
is limited.
Open-source pressure-driven options are quite limited. Information for the so-
called Quakes valves is available to build a system to control multi-layer microfluidic
chips [29, 303], but the operating principle is inherently different from a pressure
pump system such as the MFCS-EZ sold by Fluigent. Essentially, pressure pumps
are microcontroller-based systems that generate a continuously variable pressure sig-
nal (albeit in tiny discrete increments); multi-layer devices, on the other hand, are
controlled by solenoid valves that switch port pressures on or off, and are thus dis-
crete (or binary) as opposed to continuous. Recent work has also produced a low cost
open-source microfluidic control system that focuses on miniaturization and control
of a large array of solenoid valves while incorporating a mini air compressor within
the build [302]. However, such a system trades precision and accuracy for porta-
bility. µPump, on the other hand, is the opposite, it is a high precision benchtop
fluidic control system that has the performance on par with much more expensive
commercial systems.
An open-source pressure pump system offers not only the higher performance in
terms of short response time and improved stability, but also the ability to customize
and tailor the design to individual requirements, and at a signicantly lower cost than
commercially available systems. The lower cost is envisioned to help microfluidics
become more accessible to researchers in a broad range of fields, including chemistry,
biology, material science, etc. As an open-source system with full access to, and
understanding of, the detailed construction and operation, it also shows promise
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Figure 5.1: System schematic.




The pressure pump core component is the actuator (i.e. the E/P transducer) provid-
ing regulated air according to the electrical signal. Multiple peripheral components to
the actuator are required to build the system. As shown in Figure 5.1, the graphical
user interface (GUI) is hosted on a computer separated from the pump. The back-
end of the software interfaces through USB to the microcontroller-based microfluidic
pressure pump: µPump.
The Arduino provides the processing power and communication interface through
USB and serial peripheral interface (SPI). The SPI protocol connects the Arduino
with the digital-to-analog converters (DAC) and analog-to-digital converters (ADC).
The DAC sends the signal to the actuator to set the pressure point. The ADC trans-
lates the voltage signal from the pressure sensor (i.e. P/E transducer) to a digital
signal that the Arduino then transmits to the computer. Although the pressure sen-
sors provide feedback, the actuators operate in a self-contained close loop. The signal
from the DAC sets the reference from which the transducer internally measures and
regulates the output pressure. Nevertheless, the measurement of the output pressure
by the pressure sensor provides useful feedback to the user.
The complete system is shown in Figure 5.2 as a CAD model and a picture of the
built system. The open-source journal article provides all necessary documentation
and instructions for the reader to replicate µPump. The CAD enables the visualiza-
tion of the complete system. The bill of material lists each component and potential
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suppliers with the price. The assembly instructions include the pneumatic subsystem
and the housing that holds everything together. The files required for PCB manufac-
turing are paired with wiring instructions to assemble the electronic assembly. The
software source code grants flexibility for modification and integration; executable
versions are also provided to use the standalone system as-is. Finally, operation
instructions enable the users to easily work with the pressure pump.
The extensive documentation provided with the journal article aligns with the
open-source objective of the project. In contrast, commercial pressure pumps refrain
from sharing the details; thus, flexibility and customization are limited. Moreover,
the cost of commercial systems can be prohibitive to researchers wanting to use mi-
crofluidic as a tool; the open-source nature of µPump shares the knowledge with the
community with the objective of lowering the barriers for the adoption of microfluidic
by end-users.
(a) 3D rendering. (b) Built system.
Figure 5.2: Microfluidic pump (µPump) with four independently controlled pressure
output channels.
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Table 5.1: Minimum performance criteria for microfluidic applications
Pressure output accuracy ± 2 mbar
Pressure sensing resolution ± 1 mbar
Sampling rate 10 Hz (∼ 63 rad/s)
5.2.2 Required performance
The open-source pressure pump should exhibit similar performance to the commercial
product (i.e. Fluigent MFCS-EZ). The performance criteria guided the design of
the open-source system and the benchmark tests. Table 5.1 summarizes the main
performance criteria.
5.2.3 Active pressure actuator characterisation
The actuator performance is significant to the overall system performance. As an
off-the-shelf component, the flexibility is limited. Moreover, the setpoint operates
in a closed-loop with its integrated feedback system. Therefore, the performance
of the pressure output accuracy and sampling rate relies on the performance of the
actuator. Both the time and frequency response are investigated to build a complete
overview.
The selection of the actuator is based on the performance criterion from Table 5.1.
The selected model–Control Air T900-CIM –provides the pressure output accuracy
for a range of 0 to 2 bar.
The characterization of the actuator uses an oscilloscope (Tektronix TDS5034B)
to measure voltages, and a function generator to directly drive and measure the
voltages for minimal signal latency. The control voltage is provided by a function
generator (Keysight 33210A) with a high impedance setting due to the attached
oscilloscope voltage probes (Tek P5050 500 MHz 11.1 pF 10 MΩ 10X ) at the common
point. Two oscilloscope probes, one attached to the function generator at the signal
input of the E/P transducer (ControlAir T900-CIM ) and the other one at the voltage
output pin of the pressure sensor (MPX4250DP).
A step input as the control signal is used for the time response. The oscillations
indicate an underdamped system. Figure 5.3(a) shows the system settling time of
about 0.2 seconds. The increasing and decreasing step of 0.5 V reveals the hysteresis
behaviour; the response is asymmetric depending on the step direction. The response
96
is nevertheless similar in shape and settling time. The actuator response to a larger
step of 2 V shown in Figure 5.3(b) exhibits the maximum slew rate of 8 bar/s.
(a) Step response. (b) Maximum slew rate.
Figure 5.3: Pneumatic actuator time response.
The frequency response of the E/P transducer provides insight into the natural
frequency, the amplitude ratio and the phase response for a selected range of frequen-
cies. The actuator bandwidth must meet the sampling rate criterion from Table 5.1.
The Bode plot in Figure 5.4 shows a typical 2nd order system frequency response.
The natural frequency is estimated at 40.8 rad/s (6.5 Hz).
5.3 Software and graphical user interface
The software and graphical user interface (GUI) are based on open-source libraries,
more specifically, Arduino and Qt. The programming language for the source code is
C++ for its object-oriented capabilities. First, open-source benefits and concerns are
discussed. Second, software architecture details are presented. Finally, the software
operation using the GUI is explained.
5.3.1 Open-source benefits and concerns
The open-source nature of µPump democratizes its use, particularly for microflu-
idic applications. The objective is to lower the cost associated with using pressure
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Figure 5.4: Pneumatic actuator frequency response: magnitude and phase shift.
pumps. Similarly to hardware, the software is open-source. The two main libraries
are Arduino for the microcontroller and Qt for the graphical user interface. Both the
microcontroller and GUI software are written in C++ for its power and prevalence.
Hence, only one coding language is required.
The open-source software enables the users to implement the code “as-is” but
also to modify it. The customizability allows us to meet the various requirements
within the microfluidic community. The users can thus tailor the system to their
needs and integrate it within other systems.
However, in order to modify and integrate µPump within another system, the
user must be familiar with C++ coding. Moreover, in case of any issue, the support
of open-source systems is less than commercial systems. Therefore, for a moderately
knowledgeable user, the open-source microfluidic pump enables a cost-saving and
flexible solution.
5.3.2 Software architecture: Computer
The following documentation explains the structure of the software running on the
computer. The front-end and the back-end are included.
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Figure 5.5: Definitions of the Unified Modeling Language (UML) symbols.
Unified Modeling Language (UML) class diagrams
The standard UML notation is loosely followed in the following UML diagrams.
The objective is to provide an overview of the software that is not meant to be
comprehensive. The important member variables and functions are listed. Bur first,
the components are defined in the following way in Figure 5.5.
GUI overview
The overview of the software is provided by the class diagram of the windows; their
relationships between each other are established and shown in Figure 5.6. The
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Figure 5.6: UML class diagram providing an overview of the windows and their
relationships.
createConnects() member function of each of the window is called within the re-
spective constructor of the window and associates the SIGNALS and SLOTS.
The SetupWindow is used to select the settings used to generate the CtrlWindow
and is stored in an instance of the Settings class.
Multiple CtrlWindow can be declared to control each of its associated pumps.
Correspondingly, the instance of the class will be initiated with the specified settings.
Note that multiple instances connecting to the same serial port cannot be created.
Pump control
After the settings are specified in the SetupWindow, a corresponding CtrlWindow
is created with the parameters indicated in the task bar for the users benefit. The
PumpThread instance belonging to the Pump class is private. The Pump object acts
as the handler for the PumpThread; additionally, PumpThread is the handler for
serialComm. This is to better control and restrict access to sensitive variables.
Signals and slots
The Qt software package uses signals and slots to communicate between objects as
a defining feature. The resources they provide contains all the details [Qt Signals
Slots]. The following diagram is meant as a guideline to understand how the different
objects communicate together. Note that as per the class diagrams above, certain
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Figure 5.7: UML class diagram for pump control.
instances of classes (i.e. PumpThread) are private and thus, cannot be accessed from
the higher-level classes (i.e. CtrlWindow). Hence, the signals and slots must pass
through the intermediate (i.e. Pump). The restricted access is to ensure safer handling
of the classes at the lower levels.
The connect statements linking the signals to the slots are grouped in each class
under the createConnects() function.
5.3.3 Communication between the computer and Arduino
The serial communication operates on its separate thread to not interfere with the
GUI. The objective of the communication protocol in the context of the pump control
is to minimize the delay between a change in requested pressure made by the user
in the GUI, and the actuators adjusting their output accordingly. The feedback
provided by the pressure sensors is unused by the actuators that have their internal
feedback. Consequently, although the pressure feedback is useful to detect leaks, for
instance, the priority is less than the command instructions in the context of serial
communication.
The reimplementation of run() in PumpThread executes a different function based
on a switch statement of the current pump state. Correspondingly, certain in-
structions will be executed before advancing to the next appropriate state as per
the diagram in Figure 5.9. The states are controlled by the Pump object and the
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Figure 5.8: Signals and slots relationships between the objects. Solid lines (-) indi-
cates explicit signal to slot link. Dashed line (- -) shows relationship within a same
object from slot to signal.
102
Figure 5.9: Finite State Machine (FSM) diagram for PumpThread.
updatePumpThreadPumpState() private member function based on the events. The
events are triggered with the corresponding push buttons of the graphical user in-
terface.
Moreover, the Message class and CommCtrl enum class are used for serial com-
munication purposes with the following details.
Message class The message class is used to receive data one character at a time
and to extract the pressure for each transducer after the checksum and end character
are received. The checksum is a simple verification of the message integrity. If the
value is not as expected, an error is thrown, and the message is not further processed.
‘RXSTART’ ‘P1’ ‘SEP’ ‘P2’ ‘SEP’ ‘P3’ ‘SEP’ ‘P4’ ‘SEP’ ‘CKS’ ‘RXEND’
e.g < P1 & P2 & P3 & P4 & CKS >
The checksum on the PC side is calculated by simply adding the value of all
characters composing the message up to the separation character just before the
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checksum. The value can overflow but it does not compromise the checksum verifi-
cation process because it happens identically on the Arduino and on the computer.
For the simplicity of calculations, the checksum on the Arduino side is calcu-
lated by adding the values of all non-pressure characters while the pressure values
themselves are also added. This is due to the numbers of pressure being processed
differently. The asymmetry of the calculations is reflected on the PC and Arduino
code accordingly.
enum class CommCtrl : unsigned char This enum class is used to better con-
trol the scope of the control characters used for communication. The enumeration
contains the key control characters used to process the incoming and outgoing mes-
sage. It is identical both on the PC and Arduino side. From OtherClasses.h:
//// Serial Communication control characters
enum class CommCtrl : unsigned char
{
SYN = ‘@’, // Synchronization
TXSTART = ‘<’, // Start of transmitted message
TXEND = ‘>’, // End of transmitted message
RXSTART = ‘<’, // Start of received message
RXEND = ‘>’, // End of transmitted message
OK = ‘!’, // Positive acknowledgement
NOTOK = ‘?’, // Negative acknowledgement
SEP = ‘&’, // Group separator
ERR = ‘^’, // Error flag form the PC side (to distinguish from
NOTOK from Arduino)
};
5.3.4 Software architecture: Arduino
Main Arduino script
The main Arduino script is separated into two parts: setup() and loop(). The
former is executed once anytime the Arduino is reset while the latter is subsequently
executed as an infinite loop. The Communication.h header file is used for the serial
communication with the computer and is the only external file required (in addition
to the Arduino sketch) for the testMode. The classes declared in the other files
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Figure 5.10: Communication setup between PC and Arduino.
(Configuration.h, PumpArduino.h, etc.) are designed in a modular way. The
configuration file contains the variables that can be easily changed to fit the specific
build such as pin numbers.
setup() The first step in the setup is the initialization of the serial communication
with the default baud rate of 9600 bits/seconds (Serial.begin(9600)). This step
is analogous to the serial communication setup on the PC side. The baud rate
must match for all software. If the verification of the synchronization character
(CommCtrl::SYN) fails, the software automatically reattempts to synchronize with
the Arduino.
loop() The logic of the loop is analogous to the one on the computer side; whenever
there is information (i.e. pressure command data) in the serial buffer, the data
is processed and the set voltage of the actuators correspondingly changed. If the
serial communication is available, the feedback pressure is formatted and sent to the
computer.
Communication
The communication header and source files are the only ones required for the Arduino
test mode when no hardware is connected to the Arduino. The test mode only enables
to verify the communication with the computer.
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Figure 5.11: Communication loop between PC and Arduino.
The sendPressure function is used to properly format and send the pressure
feedback in accordance with the communication protocol.
The PressureData structure is analogous to the one on the computer side and
organizes the pressure for each channel in a vector.
Similarly to PressureData, Message is analogous to the class on the computer
side and is used to handle the reception of the serial data one character at a time.
PumpArduino class
The PumpArduino class is the highest level class and includes both the Sensor and
Actuator class instances amongst other member variables. It represents the µPump
as a whole and is used in the main Arduino script (uPump Arduino.ino) to interact
with the pump. Its most important member variables and member functions are
summarized in Table 5.2 below.
The sensor and actuator arrays are declared as arrays of pointers of Sensor and
Actuator that are the base classes. This allows to simply point to their respective
derived class instances in the configuration file. Hence, all parameters that need to
be changed depending on the pump design (sensor model, pin assignment, etc. ) are
all contained within the Configuration file.
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Sensor class
The Sensor class is the base class used to derive the classes of specific sensor types
and ranges. Note that this includes the Analog-to-Digital converter (ADC) chip;
thus, two separate derived classes must be defined for the exact same sensor type if
they are interfaced with the Arduino using different ADC.
In order to setup a new derived Sensor class, the following must be defined:
– *chipADC: external ADC chip class instance (e.g. MCP3208)
– chipChannel: corresponding ADC chip channel (for chips with multiple chan-
nels)
– pressureFromV(float V): the conversion from voltage to pressure in mbar.
– setupChip( ): the setup of the external ADC class instance with the slave
select pin and voltage reference.
– readVolt( ): the call to the ADC chip function to obtain the voltage reading
from the specified channel.
Actuator class
The Actuator class is the base class used to derive the classes of specific actuator
types and ranges. Note that this includes the Digital-to-Analog converter (DAC)
chip; thus, two separate derived classes must be defined for the exact same actuator
type if they are interfaced with the Arduino using different DAC.
In order to setup a new derived Actuator class, the following must be defined:
– *chipDAC: external DAC chip class instance (e.g. MCP4922)
– chipChannel: corresponding DAC chip channel (for chips with multiple chan-
nels)
– setupChip( ): the setup of the external DAC class instance with the slave
select pin and voltage reference.
– sendPressure( ): verifies whether the pressure command is outside of the
actuator deadband before requesting the voltage output corresponding to the
pressure command.
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Table 5.2: PumpArduino – Important member variables and functions.
Member variables
static Configuration cfg
Pin numbers corresponding to the hardware,
the sensor types, and actuator types.
Sensor *sensors[ ]
Pointer to reference the derived sensor class
in cfg that specifies the sensor type and
properties for each channel.
Actuator *actuators[ ]
Pointer to reference the derived actuator
class in cfg that specifies the actuator type
and properties for each channel.
Actuator inputSolenoidValve
Simple actuator with on/off capabilities to
control the input solenoid valve.
Sensor *inputPressureSensor
Similarly to sensors[ ], pointer to
reference the derived sensor class in cfg
that specifies the sensor type and properties
for the inlet pressure sensor.
Member functions
void calibrateSensors( )
Calibration procedure upon powering on to
set the zero gauge pressure as atmospheric
(i.e. when the actuators are powered off).
void verifyInletPressure( )
Used at the beginning of the loop to verify
the inlet pressure is within acceptable range
and to trigger the warning light sequence as
required. Note that this is a blocking
function.
void actuatorsTurnOn( )
Power on all the actuators (when the
pressure is within acceptable range).
void actuatorsTurnOff( )
Power off all the actuators (to prevent
damage to the actuators that should not be
powered if insufficient inlet pressure).
void applyPressure(PressureData)
Instructs the pump to apply the pressure
command for each actuator.
PressureData getPressure( )
Obtains from the sensors the feedback
pressure for each channel.
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– sendDigitalSignal( ): sends the raw (integer) command voltage to the spec-
ified DAC chip channel.
Configuration class
The configuration file defines key variables for the association of the hardware with
the software. This includes pins for the sensors, actuators, and logic control for the
relay. Configuration.h contains all the variables that must be changed to match
the specific pump built. Hence, it is the only required modification to the Arduino
software to operate any pump type that you build. Note that the arrays are declared
with size N MAX; if fewer channels are required, use a dummy pin number for any
unused parts of the array (suggestion: pin 13). Table 5.3 below contains a brief
description of the different variables.
The pin numbers specified in the configuration class file must match the wiring
of the Arduino. This is primordial to the proper function of the pressure pump.
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5.3.5 Software operation
An overview of the GUI is provided in Figure 5.12. The complete folder contain-
ing the executable file–uPump PC.exe–is required to properly operate the software.
Opening the executable file will launch the GUI main window in addition to a com-
mand prompt window; the command prompt can be disregarded and minimized.
The “Setup” button from the main window opens a window to select parameters:
the COM port, the number of pump outputs, and the maximum pressure between 1
and 10 000 mbar. After properly selecting these parameters, the user clicks “Initial-
ize” to hide the setup window and to open the control window.
The control window is used to connect and disconnect the communication with
the pump. Furthermore, the pressure of each outlet is set independently. Three
input methods are supported for each pressure: numerical input, arrow increase
and decrease, and slider. The “ON/Send Data” button must be activated for the
pump to respond to the input. The “Zero All” button enables the quick closure
of all output pressure by setting the required pressure to zero for all. Finally, the
“Record” button and the text field underneath save the data in a comma-separated
value (CSV) format. The file is located in the same folder as the executable file.
From the main window, a plotter window is shown using the “Plotter” button.
The requested and measured pressure are graphically shown in real-time for infor-
mation purposes. The channels to be displayed must be selected using the control
key to select multiple items from the left panel.
We recommend setting all output to zero to properly close the µPump system.
The pump is disconnected with the “Disconnect” button. Finally, the main window
is closed either using the “Exit” button or the “x” in the corner.
5.4 System validation and characterisation
The µPump system is validated in two ways: pressure and droplet volume. The
pressure output comparison to the commercial system aims to quantify the potential
difference in performance. The droplet volume comparison to the commercial system
evaluates the difference in a targeted application.
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Table 5.3: Configuration – Variable description.
Variable name Description and information
static const int N MAX
Variable used to set the size of any array needed
for all channels. Currently restricted to only one
digit (i.e. up to 9).
T900X actuators[N MAX]
The derived class type (e.g. T900X) specifies the
actuator type and chip used as defined in
Actuator.h/.cpp.
actuatorRelayPin[N MAX] Pins used to control the power to the actuators.
MPX4250 sensors[N MAX]
The derived class type (e.g. MPX4250) specifies
the sensor type and chip used as defined in
Sensor.h/.cpp.
MSP300 inputPressureSensor
The derived class type (e.g. MSP300) specifies the
sensor type and chip used to monitor the inlet
pressure as defined in Sensor.h/.cpp.
MCP3208 SS
ADC slave select pin used in the constructor
(Configuration()) to set pinSPISlave ADC.
pinSPISlave ADC[N MAX]
Slave select pins for the ADC of each pump
channel.
channelADCSPI[N MAX] ADC chip channel for each pump channel.
MCP4922 SS
DAC slave select pin used in the constructor
(Configuration()) to set pinSPISlave DAC.
pinSPISlave DAC[N MAX]
Slave select pins for the DAC of each pump
channel.
channelDACSPI[N MAX] DAC chip channel for each pump channel.
SPI CLK
Clock speed for SPI communication to external
ADC and DAC.
VREF Voltage reference (in mV) for ADC and DAC.
pinInletPressure
Pin to read voltage from inlet pressure sensor
without an external ADC.
pinInletSolenoid Pin to control the inlet pressure solenoid valve.
pinLEDgreen Pin to control the green LED indicator.
pinLEDyellow Pin to control the yellow LED indicator.
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Figure 5.12: Software operation overview.
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5.4.1 Pressure output
The µPump system is validated using the pressure output because outputting pres-
surized air is its primary purpose. A commercial system–Fluigent MFCS-EZ–is used
as the standard that µPump is compared against. For all data, the response of one of
the output channels is represented for better clarity; all outputs performed similarly.
Four criteria are used to compare the two systems: pressure response, flow rate re-
sponse, hysteresis, and stability. The key specifications for µPump are summarized
in Table 5.4 and are comparable to the specifications of the commercial system that
correspond to the minimum performance criteria (Table 5.1).
Pressure response
Figures 5.13 shows a greater peak for an increasing step change for µPump compar-
atively to Fluigent MFCS-EZ. For decreasing step changes, the difference between
the two systems is less significant. Nonetheless, the stabilization to the constant
pressure is fast in all cases.
(a) µPump. (b) Fluigent MFCS-EZ.
Figure 5.13: Pressure step response.
Flow rate response
The flow rate response shown in Figure 5.14 follows the same conclusion as for the
pressure response. However, the difference between the two systems is lesser.
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(a) µPump. (b) Fluigent MFCS-EZ.
Figure 5.14: Flow step response.
Hysteresis
The hysteresis of both systems is evaluated for pressure and for flow rate response
as shown in Figure 5.15. The flow rate exhibits greater hysteresis than pressure data
for both µPump and Fluigent MFCS-EZ. However, µPump performs significantly
better than Fluigent MFCS-EZ for the pressure hysteresis. Ideally, the increasing
and decreasing curves would overlap on top of each other to form a straight line.
The more important hysteresis from the flow is attributed to the elasticity of
the additional components added to the experimental setup. Moreover, the more
significant hysteresis of the Fluigent MFCS-EZ pump is associated with the inner
workings of the system. The details are not available, but a lack of exhaust for more
efficient air usage–as praised in their promotional material–and elastic components
are potentially responsible.
Stability
The pressure and flow rate stability are evaluated over a six minutes period; Figure
5.16 shows the graphical results. Although the pressure stability for µPump differs
from Fluigent MFCS-EZ as shown in Figure 5.16(a), the flow rate stability is compa-
rable for both systems (Figure 5.16(b)). This is attributed to the added compliance
to the system by the additional components that dampen the oscillations.
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(a) Pressure hysteresis for µPump. (b) Flow hysteresis for µPump.
(c) Pressure hysteresis for Fluigent MFCS-EZ. (d) Flow hysteresis for Fluigent MFCS-EZ.
Figure 5.15: Hysteresis comparison between µPump and Fluigent MFCS-EZ.
5.4.2 Droplet volume validation
As opposed to the pressure tests, the droplet volume validation examines the per-
formance of the open-source system for its targeted application. For passive droplet
generation, droplet volume is a standard measure of uniformity and stability. The
importance of channel height for the volume equation requires accurate experimental
measurements using a pressure sensor and a flow sensor.
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(a) Pressure stability. Horizontal grid spacing
is 1 mbar.
(b) Flow rate stability. Horizontal grid spacing
is 0.1 µL/min.
Figure 5.16: Stability comparison between µPump and Fluigent MFCS-EZ under
load.
Microfluidic channel height
The height of the microchannel greatly influences the resistance (h−3). Therefore,
the channel height is experimentally determined rather than assuming the nominal
value.
The sensitivity of resistance on channel height is leveraged to experimentally
determine the height. A priming phase mitigates significant change in channel height
due to swelling. The pressure is applied to an inlet and the flow rate is measured
using a flow sensor (Sensirion SLG-1430). The pressure is measured externally by a
high accuracy pressure sensor (TE Connectivity U536D-H00015-001BG). For single-
phase flow, the resistance is given by an established formula based on the liquid
physical properties and the geometry of the channel as per Equation 5.1 [31]. For a
network of channels of the same height, an equivalent resistance is formulated based
on circuit rules for series and parallel connections. Then, the zeros of the function








where Rhyd is the hydraulic resistance [Pa · s/m3], µ is the dynamic viscosity [Pa · s],
L is the channel length [m], h is the channel height [m] and w is the channel width
[m].
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Figure 5.17: Experimental setup to experimental measure the channel height based
on pressure and flow rate. The pressure pump is either a commercial or open-source
system. The pressure sensor is TE Connectivity U536D-H00015-001BG. The flow
sensor is Sensirion SLG-1430.
The resistance is calculated using the measured pressure and flow rate as per
Equation 5.2. The values are averaged over a period of long period to reduce uncer-
tainties. When the outlet is at atmospheric pressure, the pressure difference is then
the pressure applied at the inlet.
∆P = Rhyd ·Q (5.2)
where ∆P is the pressure difference [Pa], Rhyd is the hydraulic resistance [Pa ·s/m3],
and Q is the flow rate [m3/s].
The experimental setup for the experimental measurement of the channel height
is illustrated in Figure 5.17. The combination of the pressure sensor and flow sen-
sor measurements, and Equation 5.2 determines the measured resistance. Then, the
height is retrieved through the established analytical equation for the hydraulic re-
sistance of a single liquid flowing through micro-channels. The tubing for the liquid
between the reservoir holder and the waste bottle contributes negligibly to the re-
sistance of the network; the inner diameter of 0.030” is comparatively much larger
than the microfluidic chip channel.
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Image processing
The stability of the pressure pump for microfluidic applications is evaluated based
on the consistency of the volume of the generated droplets. The individual droplet
volume is calculated from the top-down area and perimeter as per Equation 5.3 [287].
This equation takes into account the gutter region filled with the continuous phase
surrounding the droplet and the curvature of the interface.








where Vdroplet is the volume occupied by the droplet in the squeezing regime [m
3], h
is the channel height [m], A2D is the top-view area of the droplet [m
2], and lp is the
perimeter of the A2D area [m].
For the image acquisition, the camera used is the Zyla 5.5 sCMOS camera from
Andor. The Nikon Ti-E inverted microscope has the camera installed on the side-
mount and a 4X objective for visualization.
The computer saves the image every 2 seconds with an exposure time of 4 mil-
liseconds. The recording period for each series of settings is approximately three
minutes for a total of 90 images. The field of view is maintained at the same position
throughout the test in order to maintain a static background for post-processing.
The exact overlap of the background with each frame allows removing the static
elements. An example of a recorded frame is shown in Figure 5.18.
Each frame is processed in two steps first using ImageJ and then, Matlab. A
macro script in ImageJ –an open-source image processing software–prepares the im-
ages by removing the background and by extracting solely the droplet outline. The
process is broken down in steps in Figure 5.19. Then, the binary image is imported
in Matlab for further processing to obtain the top-down area and perimeter.
The Matlab processing takes the binary image output from the ImageJ script (see
Figure 5.19(f)), and generates the associated droplet area and perimeter. The steps
are illustrated in Figure 5.20 for a typical droplet. For the microscope and camera
setup with a magnification of 4X, each pixel corresponds to 3.3 µm. This calibration
value is used to convert the pixel measurements into meters for the calculation of
the droplet volume in meters cubed.
Although Figures 5.18 to 5.20 demonstrate the process starting from a suitable
starting image, not all screenshots collected during the 3 minutes interval are ap-
propriate. Nonetheless, the regularity of the droplet size and space makes the au-
tomation of the process easier. One strategy to avoid outliers would be to adapt the
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Figure 5.18: Representative frame recorded with the Zyla 5.5 sCMOS camera with
4 ms exposure time. Multiple droplets of nominally equal volume are captured
simultaneously.
region of interest (ROI) location to each frame. However, the generation frequency
and frame rate can difficultly be combined to reliably centre the (ROI) on a single
droplet without any other droplets partially in the frame. Thus, the strategy adopted
rather relies on the rejection of the outliers; the large data set provided by the rapid
generation of droplets enables the size of the filtered data to be satisfactory. The
data is selected based on the combination of perimeter and area values. A valid data
point is manually selected; then, a ± 15% variation on the area and perimeter is
considered as the acceptable region. Figure 5.21 illustrates graphically the filtering
process that discards the outliers.
Droplet volume comparison
The droplet volume methodology is validated through comparison to a previous
dataset. The design of the experiment purposely emulates the conditions of the pre-
viously published data [100]. The difference between µPump and the commercial
pressure pump–Fluigent MFCS-EZ–is assessed to evaluate the performance discrep-
ancy between the open-source and commercial systems.
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(a) Initial raw image, cropped (in center
of the most luminous region of the field of
view) and slightly rotated for a more hori-
zontal channel.
(b) Background image rotated and cropped
exactly in the same way for each frame.
(c) Background subtraction to remove
channel outline and retain the droplet shape
(albeit not perfectly). The contrast between
the droplet contour and everything else is
enhanced.
(d) Inversion of the previous image in (c)
for better visibility purposes (only for doc-
umentation).
(e) Application of a threshold to retain only
dark values (i.e. the droplet shape).
(f) Erode and Dilate functions to remove
the noise and imperfections. This is the bi-
nary image that is further processed in Mat-
lab.
(g) Coloured overlay of the initial cropped
frame and the resulting mask (only outline
shown for validation and documentation).
Figure 5.19: Automated droplet outline extraction using ImageJ macro scripts.
The data is presented using the dimensionless droplet volume (V ∗d,exp) and the





where V ∗d,exp is the dimensionless droplet volume [ ], Vdrop is the dimensional droplet
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(a) Filling the binary image to obtain a solid droplet with imfill(I,‘holes’)).
(b) Using the filled and outline images to extract the perimeter (bwperim(I,8)) and
area (bwarea(I)) of the droplet.
Figure 5.20: Automated droplet area and perimeter extraction using Matlab scripts.
volume obtained from image processing and Equation 5.3 [m3], wc is the width of
the continuous phase inlet (all inlets have the same width for this chip design) [m],





where φexp is the experimental flow rate ratio [ ], Qd is the flow rate of the dispersed
phase inlet [nL/min], and Qc is the flow rate of the continuous phase inlet [nL/min].
Moreover, the geometrical conditions, the continuous and dispersed phase, the
chip material, and the squeezing regime (Ca < 0.002) are the same as for the previ-
ously published dataset [100]. The similar conditions ensure that the comparison is
meaningful. Figure 5.22 shows a similar linear trend between the previous data, and
the new data collected for both the Fluigent and µPump systems. The day-to-day
variations are expected due to the discrepancy of the manufactured chips, and oil
absorption during the priming phase. Thus, the method is validated in accordance
with the previously published data.
The variations shown in Figure 5.22(b) are larger between different days than be-
tween the two systems. In other words, the data for the same day for the two systems
agree well with each other. Consequently, µPump is validated as a pressure pump
that provides similar performance to the commercial system for droplet generation
in the squeezing regime.
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Figure 5.21: Graphical representation of the outlier rejection based on a ± 15%
variation from an identified acceptable data point.
Figure 5.22: Comparison of droplet volume data. (a) Previously published data from
[100]. (b) New data collected under similar conditions to compare the performance
of the µPump system with the Fluigent MFCS-EZ.
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5.5 Summary
Comparatively to syringe pumps, pressure pumps reduce both long and short term
oscillations. In the microfluidic context, this is especially important to generate
droplets of uniform volume. However, the cost of commercial pressure pumps is
prohibitively high, especially compared to the less expensive syringe pump. Further-
more, microfluidic devices hold their greatest potential as a tool applied in a variety
of other fields. Consequently, the accessibility of microfluidics influences its global
impact in fields such as drug development, personalized medicine, and biochemistry.
This open-source pressure pump aims to lower the financial cost and provide more
flexibility for integration.
The hardware overview presented a synopsis of the system; the details includ-
ing the bill of materials and assembly instructions are included with the published
open-access journal article [90]. The required specifications and the characterization
of the actuator are at the core of the pump design. Furthermore, the software docu-
mentation is included; the computer and Arduino software are explained in addition
to the communication protocol between them.
The system validation experimentally determined the specifications of the µPump
to confirm that the criteria from Table 5.1 are met. These criteria from Table 5.1 are
from the Fluigent pump performance. Table 5.4 summarises the achieved specifica-
tions. The µPump system was furthermore validated using the volume of generated
droplets. The methodology was confirmed by comparing it to a previously published
dataset [101]. The comparison between the commercial system and the µPump open-
source system (Figure 5.22) showed an insignificant difference between the droplet
volume generated using either system. Thus, a similar performance than the com-
mercial system is achieved by the open-source system. The cost of the pressure
pump for microfluidic applications is reduced without compromising performance.
Although the technical support from companies is sacrificed, customizability and
financial accessibility are gained.
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Table 5.4: Summary of pressure specifications for µPump.
Pressure parameter Value Units1 Description
Accuracy 0.09 % F.S. 1 standard deviation
Stability 0.09 % F.S. 1 standard deviation
Resolution 0.02 % F.S.
from the 12-bit
Digital-to-Analog converter
Settling time < 2 s
time to reach maximum
pressure starting from 0
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6.1 Overview
Microfluidics typically uses either a syringe pump that regulates the flow rate in
microchannels or a pressure pump that controls the inlet pressures to drive the flow.
In the context of pressure-driven flow, a reservoir holder containing liquid samples
is normally used to interface the pressure pump with the microfluidic chip via soft
tubing. The tubing connecting the pump and holder transports the pressurized
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air while the tubing connecting the holder and chip transports the liquid samples.
The pressure output from the pump is usually assumed to be stable and the same
as that applied to the liquid in the chip; however, in practice, this assumption is
often incorrect and may negatively impact chip performance. This assumption is
critically challenged when applied to microfluidic chips involving dynamic control of
fluids since the pressures are constantly varied (at > 10 Hz). This study presents
a method for investigating, quantifying and modelling the pump stability and the
dynamics of the air tubing using two pressure sensors. The relationship between the
pressure output from the pump and the reservoir holder pressure is generalized as
a first-order linear system. This relationship allows the software that controls the
pressure pump to output the required pressure to the reservoir holder and thus to
the microfluidic chip. These results should significantly improve the performance of
microfluidic chips using active fluid control, and may also benefit passive fluid control
applications.
Microfluidics, Active control, Tubing, Dynamic response, Pressure-driven flow
6.2 Introduction
6.2.1 Microfluidics context
Microfluidics deals with fluid flow at the micrometre scale. This enabling technology
has been applied in a wide range of fields such as biological assays [52, 12, 13], material
synthesis [298, 299], biofuels [25], drug screening [248], and many more. Droplet
microfluidics is a subset of microfluidics that considers monodispersed picoliter- to
nanoliter-sized droplets as reaction vesicles. The immiscibility of the two phases in
combination with good wetting conditions (meaning that one fluid preferably wets
the channel surface) allows the isolation of the dispersed phase droplets (typically
water) within the continuous phase fluid (typically oil). Hence, the chemical reactions
designed to occur in the droplets are confined, minimizing cross-contamination and
enhancing mixing. Other major advantages of using microfluidics include reduced
reagent consumption and shortened reaction time.
Generally, droplet manipulation methods are categorized as either passive or ac-
tive. Passive approaches generally rely on microchannel network arrangement, geom-
etry, and applied pressures or flow rates to achieve the desired droplet manipulations.
Active methods use external forces to better control the fluid. Although there exists
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a wide variety of methods to drive the flow for both passive and active microfluidic
solutions, the syringe pump and pressure pump are the most widely utilized.
A syringe pump is generally more lenient than a pressure pump in terms of mi-
crofluidic chip design [101]; however, the performance is compromised due to inher-
ently long-term persistent transient behaviour [159]. Additionally, a pressure pump
responds much faster than a syringe pump when a change in setpoint is required [149];
thus, pressure pumps exhibit desirable behaviour both on short and long timescales.
The short-term dynamics are especially important for active microfluidics that in-
volves frequent adjustment of the applied pressures to the chip.
6.2.2 Motivation
A novel method has been developed for active manipulation of droplets in a microflu-
idic platform without the use of external components such as electrodes [308, 111].
Central to this method is a controller that calculates the pressures that must be
applied to the chip inputs to achieve the desired manipulation of the droplets. This
controller design uses a fluid dynamics model to issue pressure pump commands
multiple times per second. It requires fast actuation and a pump that can provide
rapid pressure adjustments.
Figure 6.1: Overview of the typical setup for pressure-driven flow. The focus of this
study is on the difference in pressure for the air tubing (∆Pair). The tubing carrying
the liquid sample is already considered in the model (∆Psample) from previous work
[308, 111].
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Although a pressure pump provides key advantages for active manipulation of
droplets, the associated setup requires an interface between the pressurized air from
the pump and the fluid to be driven in the chip; this is achieved by the so-called
reservoir holder. Figure 6.1 schematically represents the setup. Flexible tubing is
used to connect the pressure pump outlets to the reservoir inlets to transport the
pressurized air. Secondary tubing transports the liquid sample from the reservoir
holder outlet to the microfluidic chip. The performance of this active method for
droplet manipulation can be challenged due to the dynamic difference between the
output pressures specified by the controller and the applied pressures to the chip,
Ppump,output 6= Pchip,input. This issue has not been so much of a concern for passive
methods, which do not require fast pressure actuation. These dynamic differences
in command and actual at-chip pressures are due to a combination of components:
the communication between the controller and pump; the response of the pump;
the dynamics of the air tubing; and the dynamics of the liquid sample tubing. The
communication delay is very small in comparison to the mechanical dynamics, and
we assume this is negligible. The liquid sample tubing has a much higher resistance
and modulus than the air tubing, and so we assume that this is also negligible. The
dynamic response of the pump is typically in the vicinity of 100ms, and the dynamics
of the air tubing are unknown. This study thus focuses on investigating the dynamic
behaviour of the air tubing and the pressure pump and quantifying the deviations
from the requested pressures and the pressures applied to the chip. Understanding
these dynamic behaviours is not only useful to improve the performance of the active
controller by including these in the controller model, but also highly beneficial to
other active microfluidic methods that involve the use of pressure pumps.
6.2.3 Literature overview
While there exists pertinent literature, the context differs sufficiently to justify the
investigation of the case under study on its own. The two closest comparable appli-
cations are transmission lines for unsteady pressure measurement, and blood flow in
arteries; these will be elaborated below.
The system of differential equations that accurately describe the physical system
is too complex to have a useful analytical solution. The 1mm thick tubing falls
within the thick-walled cylinder classification based on its ratio to the inner diameter:
di/th = 1 < 40, [256]. The relationship between inner pressure and radial strain for
thick-walled tubing is available in the literature [256]; however, measuring the radial
strain of the small tubing (i.e. 1 mm inner diameter and 3 mm outer diameter)
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is experimentally challenging. Consequently, the experimental approach with two
pressure sensors is favoured; the pressure drop over the air tubing can be accurately
measured and incorporates the effects of the radial strain.
Transmission lines for unsteady pressure measurement
The dynamic response of transmission lines for pressure measurement is of interest
when considering unsteady phenomena. By using a lumped parameter model, the
gas is assumed to move as a unit rather than as a wave. The soundness of this
assumption can be gauged by comparing the tubing length to the wavelength based
on the speed of sound in the medium. Either way, the finite propagation speed
within the tubing entails a time delay. Considering a tubing length of 50 cm and
the physical properties of air at room temperature, the corresponding delay from the
propagation is on the order of 1 ms. The spring and inertia are represented using
a second-order model with the following damping ratio and natural frequency that















where ζ is the damping ratio [ ], ωn is the natural frequency [rad/s], µ is the dynamic
viscosity [kg m−1s−1], L is the tubing length [m], dt is the internal diameter [m], γ
is the heat capacity ratio [ ], P is the pressure [Pa], ρ is the density [kg m−3], V is
the pressure sensor dead volume [m3], and Vt is the tubing volume [m
3].
Note that the dependence of the parameters on pressure means that such a
lumped parameter model is valid only for small pressure changes. However, the
more significant limitation in the application of this model stems from the deriva-
tion that hinges upon the rigidity of the walls. Such an assumption fundamentally
disagrees with the soft tubing under study.
Blood flow in arteries
The study of the flow of blood through our arteries couples the fluid flow with the
wall deformation under pulsatile conditions from the heartbeat. Modelling and an-
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alyzing this phenomenon helps to understand the mechanism behind cardiovascular
conditions for instance.
The relative scale of the arteries inner and outer diameter allows simplifying the
problem by making thin-walled assumptions [32]. However, the dimensions of the
air tubing do not allow such simplifications; the inner diameter and wall thickness
are of the same order of magnitude. Therefore, thin-wall assumptions are deemed
unreasonable.
System of differential equations
The air tubing can be described using a system of differential equations. The cou-
pling between the fluid flow and the wall deformation can hence be represented [14].
Although the equations accurately characterize the physics, the lack of simple ana-


































and Q is the volumetric flow rate [m3s−1], x is the coordinate axis along the lon-
gitudinal direction [m], A is the tubing cross-section area (circular) [m2], t is time
[s], ρ is the density [kg m−3], P is the internal pressure [Pa], u is the velocity along
the x direction [m s−1], ν is the dynamic viscosity [kg m−1s−1], Pext is the external
(atmospheric) pressure [Pa], V is the volume [m3], V0 is the initial volume [m
3], D
is the material damping modulus [Pa], E is the material elastic modulus [Pa], L is




The radial strain without considering the viscoelastic behaviour of the tubing (i.e.












where εr is the radial strain [ ], P is the internal tubing pressure [Pa], E is the tubing
elastic modulus [Pa], ro is the outside tubing radius [m], ri is the inner tubing radius,
and ν is the tubing material Poisson ratio [ ].
While a relationship between the radial strain and the inner pressure is available,
the measurement of the tubing expansion is challenging with off-the-shelf strain sen-
sors; the outer tubing diameter is only a few millimetres. A novel approach to mea-
sure strain using dispersed graphene in a soft silicone matrix was investigated ([26],
goophene technical note). The results were unfortunately not promising enough to
further the efforts in implementing such a novel strain sensor. The signal noise and
intrinsic strain sensor dynamics were the main obstacles. Furthermore, as the results
will show, the tubing dynamics are of first-order rather than second order. The two
pressure sensors used are deemed to be sufficient for the experimental approach.
6.2.4 Pressure-driven flow actuation dynamics
The dynamics of the actuation system can be separated into two parts: the pump
dynamics and tubing dynamics. As conceptually illustrated in Figure 6.2, the pump
dynamics characterizes the time response from the requested pressure (Preq) to the
pump output (P1) while the tubing dynamics occurs from the pump output (P1)
to the reservoir holder (P2). The reservoir holder pressure quantifies more faithfully
the pressure applied to the fluid tubing inlet than the pressure at the output of the
pump. Nonetheless, using the pressure pump output as the intermediary point allows
analyzing the pump and tubing dynamics independently.
The tubing dynamics are investigated systematically by varying inner and outer
diameters, length, material, and reservoir holder vial volume. The pump dynamics
is considered for the commercial system MFCS-EZ available from Fluigent and the
custom in-house pressure pump, µPump [90].
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Figure 6.2: Separation between pump and tubing dynamics.
6.2.5 Overview of this study
The objective of this study is to experimentally quantify the dynamics of the soft
tubing and develop the associated models. These models can be used to predict the
actual pressure applied to the microfluidic chip for fluid pumping. The availability of
such models is impactful on microfluidic studies under pressure-driven flow where soft
air tubing is often used to connect the pump output to the reservoir holder input (see
Figure 6.1); the actual pressure applied to the chip is often assumed to be the pump
output that is incorrect. First, a simple, yet practically useful method is presented
for identifying the pressure change over the soft tubing using two pressure sensors at
either end of the tubing of interest. Then, the pressure change over the soft tubing is
measured under different operating conditions such as varying tubing length, material
and vial volume. Following the experimental studies, a simple linear model and a
nonlinear model are developed and validated to predict the system response. Finally,
the performance of the models is compared and their limitations are discussed.
6.3 Experimental methods and materials
The MFCS-EZ and µPump can arbitrarily and independently control the pressure
output at each of their outlets via a desktop computer software. The sampling rate
is about 10 Hz (i.e. 100 ms period). The two pressure sensors at the two ends of
the tubing respectively record simultaneously with 1 mbar accuracy every 1 ms. The
data is post-processed using Matlab to fit a first-order model.
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6.3.1 First order model fit
The pressure data recorded provides the information about the system in the time-
domain; however, the dynamics of a system is rather characterized in the frequency
domain (s ∈ C) and expressed as a transfer function (G(s)). The transfer function
is the ratio of the output (Y (s)) over the input (U(s)). A general model of the first
order can be fully characterized by the scaling constant (k) and the time constant
(τ). In response to a step input, the output is about 63% of the steady value after







τ · s+ 1
(6.8)
The Matlab function tfest is used to find the transfer function with no zeros
and one pole (i.e. first order as per Equation 6.8) that best fits the data. The first
order is selected because of the minimal response overshoot and to keep it simple for
easier integration within control designs for instance.
6.3.2 Pressure sensors
Pressure sensor specification
The specifications for the two identical pressure sensors used are summarized in
Table C.1. The manufacturer datasheet accuracy is ±0.1% F.S. Therefore, in order
to match the ±1 mbar accuracy of the Fluigent pump output, the range is limited to
1 bar although the pressure pump has a range up to 2 bars. Note that each pressure
sensor is provided with a factory calibration to accurately convert its voltage output
to gauge pressure.
The resolution of the measurements is determined by the smallest voltage in-
crements and should be less than the targeted accuracy level. The Arduino com-
municates via a SPI protocol to an external analog-to-digital converter (ADC) with
12-bit resolution (Microchip MCP3202 ). An accurate voltage reference provides the
constant 5 V supplied to the ADC (Maxim Integrated MAX6250 ). The sampling is
achieved at 1 ms intervals (i.e. 1 kHz) through the use of interrupts on the Arduino
to ensure proper and consistent data collection while continuously sending the data
to the computer via USB. The 1 ms interval is selected based on the propagation of
a pressure wave at the speed of sound through the media.
133
Pressure sensor location
The choice of location for the two pressure sensors aims to accurately measure the
pressure at either end of the tubing. The additional components are shown in green
in Figure 6.3. The junctions connecting the pressure sensors to the normal setup
are rigid (i.e. steel). Note that a custom reservoir holder had to be manufactured
to add the fourth port to measure P2. This approach was preferred than inserting a
junction at one of the other reservoir holder port because of its lesser impact on the
flow.
The minimum time resolutions of the junctions added to the system are thor-
oughly assessed. Details are presented in the supplementary material S1. Based on
the results of the assessment, the minimum time constant that can confidently be
investigated using the junctions is 10 ms.
Figure 6.3: Experimental setup to measure the impact of the air tubing dynamics
(∆Pair). Two pressure sensors are strategically located to measure the pressure at
either end of the air tubing with minimal impact.
6.3.3 Tubing materials and dimensions
The various tubing materials and dimensions investigated are summarized in Ta-
ble 6.2. The microfluidic pressure pumps and reservoir holder typically use barbed
connections. The MFCS-EZ from Fluigent comes equipped with 1 X 3 mm tub-
ing. Nonetheless, the barbed connections are also functional for the closest imperial
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Table 6.1: Specification summary for the pressure sensors (TE Connectivity U536D-
H00015-001BG).
Range 0 to 1 bar
Accuracy ± 1 mbar
Resolution 0.24 mbar
Sampling 1 kHz
equivalent that has an inner diameter of 1/16” (∼1.59 mm). The variety of materials
for the metric size is more restricted. Hence, the different materials are investigated
in the imperial size only.
The elastic modulus of each material is experimentally determined using a straight-
forward approach with a ruler and suspended weights. The details and the plot are
presented in the supplementary material S2.
Table 6.2: Details of the materials and dimensions of the various tubing.
ID X OD Wall thickness Material label E(1) [MPa]
1 X 3 mm(2) 1 mm Medium silicone 4
1/16” X 1/8”(3)






(1) Elastic modulus. See Figure 6.13 for experimental strain-stress curve
with linear fit. Uncertainties: ±0.5 MPa.
(2) Length [cm]: 20.4, 30.2, 30.1, 50.3, 66.5
(3) Length [cm]: 66.5
6.4 Results and discussion
As shown in Figure 6.2, the system dynamics is separated into the pump dynamics
and the tubing dynamics. The results supporting this separation are presented in
the supplementary material. The rest of the results is separated into these two main
sections before addressing model validation, and finally, limitations.
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6.4.1 Pump dynamics
The control strategy previously implemented neglects the dynamics introduced by
the soft tubing and the actuation when adjusting the requested pressure [308]. The
controller design relied solely on the model of the plant (i.e. the microfluidic chip
and fluid tubing), hence excluding the pump and air tubing. The requested pressure
to the pump was assumed to instantly correspond to the pressure at the fluid tubing
inlet in the vial at the reservoir holder. These dynamics were shown to be reason-
ably neglected for the current running rate of the system at 10 Hz. Nevertheless,
better understanding the short-term actuation dynamics is critical to increasing the
controller performance; furthermore, increasing the system sampling rate would mag-
nify the impact of the short-term actuation dynamics and challenge the controller
performance.
Note that there are limitations due to the “black-box” nature of commercial
products such as Fluigent ’s MFCS-EZ. Moreover, the implementation of such active
control platform on regular desktop computers limits the consistency of the actuation
delay due to scheduling handled by the operating system (Windows). The pump
dynamics is determined as per Equation 6.8. The input is the requested pressure
and the output is the pump output pressure (P1).
Fluigent
The commercial nature of the Fluigent MFCS-EZ pump restricts the information
available concerning both the internal components as well as the controller. Conse-
quently, it is treated as a black-box for which the requested pressure is the input and
the provided pressure is the output.
The first-order model is observed to match the response fairly well for certain pres-
sures. However, the time constant varies with respect to the pressure and displays
significant hysteresis effects in the lower pressure range (see Figure 6.4). Moreover,
at high pressures, the first-order model (or even a second-order model) differs signif-
icantly from the response. Note that as the pressure output will eventually match
the requested pressure, the scaling constant (k) is set to one.
µPump
In contrast to the lack of information available for black-box commercial systems
such as the Fluigent pump, µPump is a customized system designed and built in-
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Figure 6.4: Time constant (τ) variations with pressure for the Fluigent MFCS-EZ
pump. The error bars represent ± 1 standard deviation from the overall mean time
constant.
house. All details pertaining to the hardware and the software are available [90]. The
pressure output is controlled by the internal circuit of the ControlAir E/P transducer
(T900-CIM ).
The response follows more closely a second-order system than a first-order system
due to the better-defined oscillations. Nonetheless, there appears to be a relatively
slow integral component for the closed-loop controller. Thus, although the output
pressure rapidly approaches the requested pressure, there is a noticeable period where
the steady-state error is slowly eliminated through the integral component. Hence,
the second-order model somewhat differs from the µPump dynamics. A crude simpli-
fication can be made to simply represent the delay in achieving the requested pressure
using a first-order model. Considering that the pump will achieve its target output
pressure, the scaling constant value is set to one while the time constant is shown
in Figure 6.5. Similarly to the Fluigent pump, there are significant hysteresis effects
present. However, the overall behaviour is much more constant over the pressure
range. Moreover, the time constant is also generally smaller for µPump compared
to Fluigent.
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Figure 6.5: Time constant (τ) variations with pressure for µPump. The error bars
represent ± 1 standard deviation from the overall mean time constant.
6.4.2 Tubing dynamics
The previous section concerning the pump dynamics is mainly pertinent within the
context of active microfluidics. The tubing dynamics, on the other hand, is relevant
to both passive and active microfluidics. The tubing dynamics is determined as per
Equation 6.8. The input is the pump output pressure (P1), and the output is the
tubing end at the reservoir holder inlet (P2).
Pressure variations
As previously indicated by the literature about unsteady pressure measurement, the
dynamic behaviour of the tubing is expected to depend on pressure.
The scaling constant (k) exhibits dependence on the pressure as shown in Figure
6.6(a); however, there is no significant difference whether the pressure is increasing or
decreasing. As opposed to the time constant that considers short term transients, the
scaling constant characterizes the steady-state that is less prone to hysteresis effects.
The value is close to but slightly less than one. This is attributed to the pressure
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difference between the tubing ends that is required to drive the flow. Considering
that the difference in pressure is proportional to flow rate [31], the value of the scaling
constant (k) is expected to decrease with increasing flow.
For the metric 1X3 mm tubing, the time constant variations with pressure are
shown in Figure 6.6(b) for both increasing and decreasing pressure. The time con-
stant for increasing pressure is consistently larger than the one for decreasing pres-
sure. This is attributed to the compliance of the tubing. When the pressure is
increased, part of the air flows in the outward radial direction to rationalize the in-
crease in diameter. Moreover, from an energy analysis perspective, the expansion of
the tubing requires some energy that is then stored as elastic energy in the expanded
tubing. When the pressure is decreased, the tubing contracts back to a smaller di-
ameter. The elastic energy that was stored in the wall is transferred back to the
flow. Thus, the energy exchange from the flow to the wall elasticity and vice versa
results in hysteresis effects for the time constant (τ).
(a) Scaling constant k. (b) Time constant τ .
Figure 6.6: Experimental quantification of first order dynamics over the pressure
range for the 1X3 mm medium silicone tubing of 66.5 cm length and 2 ml vial volume.
The trend of the decreasing and increasing data shows the hysteresis effects. The
time constant is consistently smaller for decreasing pressure compared to increasing
pressure. The error bars represent ± 1 standard deviation from the overall mean
constant.
For the imperial tubing, different tubing materials are investigated. However,
the dynamics are too fast to be captured accurately by the experimental setup,
as shown in Figure 6.7. All materials exhibited a behaviour with time constants
less than 10 ms. Compared to the metric tubing, both the inner diameter and
wall thickness vary due to the restricted availability of sizes; nonetheless, the faster
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dynamics is attributed to the larger inner diameter rather than the thinner wall. The
wall thickness influences the tubing expansion and hence, the change with respect to
pressure; the nominal starting inner diameter at zero pressure determines the time
constant scale. Figure 6.6 shows such decreasing time constant value with increasing
diameter (i.e from the increased expanded tubing diameter).
(a) Scaling constant k. (b) Time constant τ .
Figure 6.7: Experimental quantification of first order dynamics over the pressure
range for the 1/16”X1/8” medium silicone tubing of 66.5 cm length and 2 ml vial
volume. Similar results are obtained for all three materials (Table 6.2). The time
constant is too small to accurately quantify with the current experimental setup.
The error bars represent ± 1 standard deviation from the overall mean constant.
Length variations
The time constant is expected to get smaller with the tubing length. The longest
length of 66.5 cm for the imperial tubing has a time constant already too small
to accurately quantity; thus, only the metric tubing is considered henceforth. The
results of the linear fit for the tubing time constant for different lengths are presented
in Figure 6.8. The scaling constant is not significantly affected by the change in length
and thus is omitted.
The details of the linear fit are included in Table 6.3. The general trend is for
the time constant to increase with increasing length as expected.
140
Figure 6.8: Summary of the time constant (τ) fit for different lengths. Tubing
dimensions of 1X3 mm. The detailed data is presented in Table 6.3.
Vial volume variations
Similar to the length variations, the vial volume variations only take into account
the metric tubing. The vial attached to the reservoir holder contains the sample to
be injected into the microfluidic chip. The small quantities required to perform the
manipulations at the microfluidic scale entails small changes of the sample volume
in the vial. However, variations over long periods of time as well as in the initial
volume when filling the vial can potentially lead to changes in the dynamics. The
significance of these changes is herein assessed.
The different volumes investigated for the vial are approximately: 0.3 ml, 1 ml,
and 2 ml. The results for length variations previously presented all considered the 2
ml vial volume (i.e. empty vial). The relationship for the scaling constant (k) does
not vary significantly with volume. However, the time constant relationship does
change more significantly depending on the volume of the vial. Nevertheless, the
change of the time constant over the full volume and pressure range is reasonably
small. The linear fit is mainly at the same time constant scale as shown in Figure
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Figure 6.9: Summary of the time constant (τ) fit for different volumes (ml). Tubing
dimensions of 1X3 mm. The detailed data is presented in Table 6.3.
6.9. Hence, volume variations are neglected.
Tubing dynamics results summary
The experimental setup can only confidently quantify tubing dynamics with a time
constant larger than 10 ms. All results for the 1/16”X1/8” tubing are faster; hence,
they are not quantified. Nonetheless, such fast dynamics is considered to be negligible
within the microfluidic pump context. Consequently, only the dynamics for the 1X3
mm tubing are herein summarized. Generally, the value for the scaling constant (k)
is considered constant as it weakly depends on pressure.
As for the time constant (τ), the results for the different lengths and volumes are
summarized in Table 6.3. As previously mentioned, although there are some varia-
tions for different vial volumes (over the 1.7 ml range), they are deemed negligible.
The overall tubing length affects much more significantly the time constant. Further-
more, the tubing length can easily be measured and maintained constant whereas
the vial volume is expected to vary while the experiments are performed.
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Table 6.3: Summary of the variations in the time constant (τ) depending on tubing
length (Figure 6.8) and vial volume (Figure 6.9) for 1X3 mm tubing.
Tubing length [cm] Vial volume [ml]
Time constant τ(P ) [ms]
a
(1)
τ [ms ·mbar−1 × 10−3] b(2)τ [ms]
20.4(3) 2 -9.37 8.9
30.2 2 -14.5 20.2
40.1 2 -8.11 24.0
50.3 2 -14.0 31.9
66.5 2 -20.7 43.2
66.5 1 -19.7 38.9
66.5 0.3 -11.3 32.3
(1) aτ is the slope of the linear fit.
(2) bτ is the intercept of the linear fit.
(3) The associated dynamics are too fast to reliably quantify.
6.4.3 Validation
Repeatability for k and τ
The repeatability of the experimental quantification of the scaling and time constants
is assessed by alternating between two pressures. The data is averaged over three
datasets each consisting of 10 increasing steps and 10 decreasing step responses. The
repeated results are summarized in Tables 6.4 and 6.5.
The data obtained from the successive steps (previously in Figure 6.6, the first
two data points) is compared against the results of the repeated test. The time
constants all match within the time resolution of the system (i.e. 1 ms). The scaling
constant shows more variations between the single and repeated data for the 200
mbar setpoint. However, the discrepancy is within 3%; therefore, it is not considered
significant.
Model verification
Two models are used for verification: linear and nonlinear.
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Table 6.4: Repeatability summary for 100 mbar pressure set point.
Scaling constant (k) [ ] Time constant (τ) [ms]
mean inc. dec. mean inc. dec.
Single data 0.9755 0.9754 0.9755 41 44 38
Repeated data 0.9760 0.9760 0.9759 42 44 39
Table 6.5: Repeatability summary for 200 mbar pressure setpoint.
Scaling constant (k) [ ] Time constant (τ) [ms]
mean inc. dec. mean inc. dec.
Single data 0.9593 0.9595 0.9592 40 41 38
Repeated data 0.9834 0.9835 0.9833 41 42 39
The linear model (Equation 6.8) depends solely on two parameters: the scaling
constant (k) and the time constant (τ). The two values are constants determined
by averaging over the pressure range. The nonlinear model uses the linear fit to
determine the value of the two parameters (k and τ) based on the pressure. The
sensitivity of the scaling constant (k) to pressure changes is weak while the sensitivity
of the time constant (τ) is more significant. The difference between the input and
output pressure is fairly small at all times; furthermore, the linear relationship is
fairly shallow. Therefore, the pressure used for the nonlinear model is taken as the
mean of the input and output pressure (P1 and P2). This average pressure is used
to calculate the time constant based on the linear fit from Table 6.3. The scaling
constant is considered constant at its mean value. Equation 6.9 shows how the linear
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is the input, τ(x, u) = aτ · P̄ + bτ is obtained from the linear fit parameters from
Table 6.3, P̄ is the mean of u and x (i.e. P1 and P2), and k is the scaling constant.
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Simulink is used to simulate the nonlinear system (Equation 6.9). However,
expressing such a nonlinear system concisely within the context of controller design
is challenging. Hence, a pragmatic approach instead uses the simple linear first order
with constant parameters for controller design.
A different and more diverse pressure signal is used to assess model validity. The
prediction of the full nonlinear relationship is compared to the simpler first-order
linear model. The performance for the prediction is assessed using the mean square







(P2i − P̂2i)2 (6.10)
where MSE is the mean square error [mbar2], n is the number of data points [ ],
P2i is the measured pressure at the reservoir holder for the i
th datapoint [mbar], and
P̂2i is the predicted pressure at the reservoir holder for the i
th datapoint based on
the measured P1 [mbar].
Figure 6.10 shows the validation signal as well as the prediction for both the
linear and nonlinear models with their corresponding error. This is specifically for
the 1X3 mm tubing that is 66.5 cm long and with the 2 ml vial. The slightly larger
MSE and maximum error for the linear model compared to the nonlinear model
demonstrates the small performance decrease that must be conceded for the simpler
model. Furthermore, the difference between the two pressure sensor measurements
represents the assumption that the pressure instantly propagates without any mod-
elling involved; the MSE and maximum error are both much more significant than
either of the models. Therefore, the use of the model, albeit with some assumptions
and simplifications, still nevertheless improves the accuracy of the reservoir holder
pressure prediction.
The first-order linear model performance for each case is summarized in Table
6.6. Their respective parameter taken as the mean are also included. Note that
for the various volumes for the 66.5 cm long tubing, the same parameters are used.
Nevertheless, the prediction from the model still outperforms the absence of model.
Hence, this confirms the validity of the model even with varying volume, only the
tubing length should be considered when determining the scaling and time constant
parameter values.
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(a) Output pressure P2 from the measurement, nonlinear model, and linear model.
(b) Prediction error for the output pressure P2 without a model (P2 = P1), with the nonlinear
model, and with the linear model.
Figure 6.10: Model validation and comparison between no model, the nonlinear
model and the simple linear model simulations. The similar MSEs show that there is
not significant prediction error improvement for the more complex nonlinear model
compared to the simpler linear model. (1X3 mm tubing, 66.5 cm long, 2 ml vial).
Either model significantly improves upon the no-model prediction.146
Table 6.6: Performance for each first order linear model for the mean parameter
values based on length compared against the no-model performance.
Tubing Vial
Linear model Performance criteria
length [cm] volume [ml] k τ MSE(1) [mbar2] e
(2)
max [mbar]
20.4 (3) 2 0.99 4 1.6 17.9
30.2 2 0.99 13 2.3 12.6
40.1 2 0.98 20 3.0 12.4
50.3 2 0.99 25 3.8 15.9
66.5 2 0.98 33 3.2 15.8
66.5 1 0.98 33 18.2 11.4
66.5 0.3 0.98 33 21.0 11.2
66.5(4) 2 – – 84.5 66.7
(1) MSE is mean squared error as per Equation 6.10.
(2) emax is the maximum error over the validation data.
(3) The associated dynamics are too fast to reliably quantify.
(4) No-model performance. (i.e. P̂2 = P1).
6.4.4 Limitations
In general, models do not aim to fully and exactly describe a system with 100%
accuracy in all circumstances. The objective is rather to develop a mathematical
representation of the system with sufficient accuracy under certain operating condi-
tions. In this study, the linear model is validated for pressures between 0 and 1 bar;
the linear model is hence meant to be used for a pressure range from 0 to 1 bar. The
pressure from the pump is changed every 100 ms (10 Hz).
The maximum actuation frequency of 10 Hz is of special note because of its
larger value than the time constant range identified. The variations in time constant
with pressure are likely to impact more the prediction error for a faster pressure
actuation. However, the current setup frequency is mainly limited by the Fluigent
pump proprietary software and the µPump E/P transducer.
The tubing length is limited between 20.4 cm and 66.5 cm as this corresponds
to the range investigated. Moreover, the vial volume is varied only between 0.3 ml
to 2 ml. The only tubing dimensions are 1X3 mm although other conclusions are
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drawn for the larger 1/16”X1/8” tubing that exhibited a response too fast for the
measuring apparatus. Finally, although different tubing materials were investigated
for the 1/16”X1/8” tubing, no conclusive quantification could be extracted from the
results. Only the soft silicone tubing was considered for the 1X3 mm as it is the
most widely available materials for these tubing dimensions.
6.5 Conclusion
6.5.1 Summary
The dynamics investigation is mainly pertinent within the context of active microflu-
idics; short-term oscillations are much less important than long-term behaviour and
stability for passive microfluidics. Nonetheless, examining the dynamics of the pump
and the tubing is beneficial for both active and passive microfluidics.
On one hand, passive microfluidics aims for stability and dampened short-term
oscillations that can be provided by a longer, smaller inner diameter tubing. On
the other hand, active microfluidics benefits from shorter delays for the propagation
of the pressure from the pump output to the reservoir holder provided by shorter
and slightly bigger tubing that is the imperial tubing with 1/16” inner diameter.
The dynamics of the 1X3 mm tubing for various lengths operated between pressures
of 0 bar to 1 bar and volumes from 0.3 ml to 2 ml can be approximated using a
first-order model; the parameters are summarized in Table 6.6. Such a first-order
linear model is shown to improve the prediction error compared to the absence of any
model. Moreover, the complexity of the nonlinear model only marginally improved
the performance and hence, is deemed unnecessary.
6.5.2 Future work
The relationship between the pump output and reservoir holder pressure can be
included within the previous control design strategy [308] to enhance performance.
The addition of the dynamics introduced by the pump response time as well as the
pressure propagation through the tubing hence would eliminate the previously built-
in assumption that the pressure requested is applied instantaneously to the sample
tubing inlet. The consideration of the pump and air tubing dynamics can be achieved
by arranging the subsystems in series: pump, air tubing, and microfluidic chip. For
the state-space modelling, this results in matrix concatenation.
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The improved model that considers the air tubing can be leveraged in a grey-
box system identification study. Briefly, the grey-box system identification fixes the
model structure–including the air tubing–to maintain physical meaning of the iden-
tified parameters. The system identification algorithm requires the input (pressure)
and output (droplet position) to be recorded while a droplet moves within the chan-
nel. The model structure used is essential to the quality of the results obtained. The
inclusion of the tubing dynamics within the model is envisioned to enable a bet-
ter description of the physical system. Thus, the results obtained from the system
identification algorithm would be more narrowly distributed.
Furthermore, a more detailed analysis of the behaviour of the two different pumps
would help to determine a model describing their behaviour better than the crude
first-order linear model herein presented. The behaviour could be better represented
by a second-order system for instance. Increasing the complexity would enable a
more accurate model. Moreover, the significant hysteresis could be taken into account
rather than averaged out.
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6.6 Pressure sensor junction minimum time reso-
lution
The pressure sensors added to the setup are connected via rigid junctions. The
propagation of the pressure through these junctions is important to determine the
minimum time resolution of all subsequent measurements. The measurement of the
change in pressure can be approximated with a first-order model. A balloon and a
pressure regulator are attached on either end of the junction at the inlet and outlet
where the flow would get in and out as shown in Figure 6.11. Bursting the balloon
with a sharp scalpel provides a very sharp (approximately within 0.25 ms (Tavoularis
2005) step input.
Figure 6.11: Experimental setup to determine the pressure sensor junction time
resolution. The pressure regulator is manually operated to inflate the balloon. After
the regulator is closed, the balloon is burst using a sharp scalpel.
The typical time response for each junction (P1 and P2) are shown in Figure
6.12. The measurements exhibit an unexpected single rebound after the initial drop
in pressure. The source of that rise and then subsequent fall in pressure is unknown
but could potentially be attributed to a pressure shock wave bouncing back or some
internal dynamics of the pressure transducers themselves. For the analysis and quan-
tification of the time constant, any points after the initial drop in pressure are treated
as outliers and set to zero.
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(a) T-junction at the pump output to con-
nect the pressure sensor measuring P1;
τP1 = 3 ms.
(b) 4-way junction at the reservoir holder to
connect the pressure sensor measuring P2;
τP2 = 4 ms.
Figure 6.12: Typical response from bursting a balloon to assess the time resolution
of the pressure sensor junctions.
The experimentally determined time constants are 3 ms and 4 ms for P1 and P2
respectively. Note that these values are close to the time resolution of the measuring
apparatus (1 ms) and thus, they should only be considered in terms of order of mag-
nitude. The quantification of the value aims to understand the limiting factor with
respect to the time scale. Thus, any dynamic effects occurring at a timescale smaller
than ∼4 ms cannot be accurately measured with the current experimental setup. The
junctions could be further optimized to reduce these delays such as by mounting the
pressure sensors flush with the flow or reducing the length-to-diameter aspect ratio
of the channels. Nonetheless, the current performance is deemed satisfactory as it is
close to the limit of the measurement setup (i.e. 1 ms). The smallest time constant
that can be measured is 4 ms; however, the threshold is rather established at 10 ms
or more to ensure good confidence in the experimental results. In conclusion, any
dynamics faster than this lower limit are deemed negligible.
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6.7 Elastic modulus of the different tubing mate-
rials
The elastic modulus of the three different tubing materials is experimentally quanti-
fied using a straightforward approach. Weights are suspended from the tubing end,
and the deformation is measured using a ruler and camera. The stress is calcu-
lated from the suspended mass, the nominal tubing inner and outer diameter. The
reduction in dimensions from the Poisson ratio is deemed negligible. The strain is de-
termined from the images captured using the camera. A ruler next to the suspended
tubing is used to manually determine the elongation. The camera and tripod provide
a fixed point of view. The resulting elastic modulus are summarized in Table 2 in
the manuscript and the respective strain-stress curves are shown in Figure 6.13.
The measured longitudinal elastic modulus is assumed to be the same as that in
the radial direction. Please note that the manufacturing process of the tubing could
indeed lead to a difference between longitudinal and radial modulus of elasticity,
which is reasonably considered to be less than 5%. For 1 MPa resolution and stiffer
material (E = 7 MPa) considered in this study, 0.5 MPa then corresponds to 7.1%.
Therefore, any anisotropic effects are assumed to be within the uncertainties of our
experimental measurement.
6.8 Pump software output compared to pressure
sensor measurement
Generally, the pressure pump output (whether from Fluigent or uPump) agrees well
with the pressure as measured by the external pressure sensor (P1). Two examples
of the difference between the pump pressure output and the pressure as measured
by the pressure sensor (P1) are shown in Figure 6.14.
The data available from the pump software is too restricted in terms of the
sampling rate to provide the required information to properly quantify the tubing
dynamics. The pressure output from the pump and the pressure sensor measurement
are within ± 2 mbar of each other. Consequently, it is reasonable to consider them
equal. Thus, referring back to Figure 2 in the manuscript, the middle point–Pressure
pump output P1–can be equivalently obtained either from the pump software output
or the pressure sensor measurement.
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Figure 6.13: Experimental quantification of the elastic modulus for the three different
tubing materials (soft silicone, medium silicone, hard Tygon).
The confidence in the match between the pressure pump output and the external
pressure sensor output is especially impactful financially; accurately and rapidly
monitoring the pressure using an external sensor for each pump output is expensive
(∼400$ per output). Thus, the model developed using the costly pressure sensors can
be utilized while requiring nothing more than the usual pressure output as provided
by the pump subsequently.
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(a) Step change. (b) Sinusoidal change.
Figure 6.14: Difference between the pressure pump output and pressure measured






Microfluidics has a wide range of applications in various fields such as water treatment
[235], life biology [33], and material synthesis [198]. An expansive literature covers
the different manipulations that are achieved individually using passive microfluidics
(e.g. droplet generation, merging, synchronization, trapping) [8]. However, most–if
not all–applications require multiple manipulations implemented in series.
For example, a drug screening assay performed on a single microfluidic chip in-
cludes: two droplet generators in parallel followed by traps immobilizing the droplets
to mix their content by the overlapping interface [37]. Multiple iterations of the de-
sign must be tested to eventually obtain the final functional device. The iteration
process is time and resource-intensive even with relatively short prototyping pro-
cesses such as polydimethylsiloxane (PDMS)-based soft lithography [245]. The main
factors contributing to the design difficulties are the operational uncertainties (short
time pressure pump variations), manufacturing uncertainties (PDMS swelling affect-
ing height and width dimensions, manufacturing defects), and most importantly, the
unclear quantitative effect of droplets on flow rate from their resistance.
The Hagen-Poiseuille law (Equation 7.1) relates the pressure drop and flow rate
using the so-called hydraulic resistance [31]. For pressure-driven flow (i.e. for a fixed
user-defined pressure drop between inlets), the flow rate of a single-phase liquid is
proportional to the resistance. The flow rate quantifies the behaviour of the flow in
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the channel given the input (applied pressure) and system (resistance). Although the
Hagen-Poiseuille law is a simple equation, the response of micro-channel networks is
complex due to the coupling between the channels through pressure fields, but most
importantly, because of the time-varying resistance as droplets are formed, enter,
and exit channels.
∆P = RQ (7.1)
where ∆P is the pressure drop [Pa], R is the resistance across the channel [Pa·s/m3],
and Q is the flow rate [m3/s].
In addition to generally faster and more robust passive micro-channel networks,
a better understanding of droplet resistance favours better droplet trapping designs
[24]. For example, immobilizing droplets enables the study of encapsulated cells over
a period spanning hours of incubation [124, 16].
7.1.2 Literature overview
The current literature includes a variety of studies aiming to better understand
how droplets affect flow in micro-channels. Although individual studies successfully
demonstrate the validity of their data, a far-reaching consensus across the microflu-
idic community is still lacking. Hence, the design of complex passive microfluidic
networks primarily relies on a rule of thumbs, iterative design, and previous expe-
rience; for example, the droplet length is estimated to increase the resistance 2 to
5 times more than it would be expected by an equivalent single-phase flow. Better
droplet resistance quantification is envisioned to enable newcomers to the field to
reach their final device design quicker and more easily.
An overview of the various methods follows. Agreement and comparison between
the various studies are burdensome due to the different approaches to droplet resis-
tance quantification, range of Capillary number covered, dimensions, and flow-driving
methods. Nonetheless, the approaches are separated into three broad categories:
pressure sensors, loops, and interface comparison (flow-rate based). Numerical sim-
ulations and heat-transfer-oriented studies are omitted for the sake of conciseness
but similarly to the studies herein included, the literature generally does not widely
agree [275, 1].
Pressure sensors
The pressure tap method essentially uses pressure sensors to measure the pressure
drop across a channel section containing one or multiple droplets. This approach is
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arguably the more intuitive one and has been applied to both circular [145, 138, 315,
165] and rectangular [57, 3, 252, 58, 152, 166] cross-sections.
Albeit the numerous studies, the variety of chip materials, geometry, continuous
phase, and range of Capillary number make a consensus or even a comparison cum-
bersome. The studies involving circular capillaries appear to concord better with a
± ∼20% discrepancy with previous models [165]. There is nonetheless no clear agree-
ment in the literature for the rectangular cross-section that is more typically used for
complex microchannel networks made of polydimethylsiloxane (PDMS) devices for
example. The flow physics differ between the circular and rectangular cross-section
as a result of the complex gutter flow in the channel corners [21, 133, 160].
All these studies suffered from the same lack of pressure accuracy and time res-
olution arising inherently from the pressure tap approach. Thus, methods adopting
an in-situ approach are deemed more promising.
Comparative loops
Observing the behaviour and traffic of droplets in a loop network minimizes the
intrusiveness of the resistance measurement. The droplet resistance is derived from
the comparison of the droplets in different sections of the network [88, 255, 164, 259]
or in a different calibrated chip [131].
This method relies on assumptions about the flow and the uniformity of the
droplets resistance. Once again, the variety of channel dimensions, viscosity ratio,
flow rate and even phase of the dispersed fluid (i.e. gas vs. liquid) makes an over-
arching relationship difficult to define. Another important factor is the presence
and concentration of surfactants; their effects on flow are complex. Surfactants im-
pact surface tension, and hence the Capillary number. Moreover, the Marangoni
stresses from the surfactant concentration gradient alters the flow [199]. Conse-
quently, whether surfactant is present or not in either the dispersed or continuous
phase, this hinders the comparison of the results of multiple studies.
Interface comparison
An interface between two fluids contrasted using a dye quantifies flow rate differences;
the droplet resistance is determined based on the calibrated relationship between
the interface displacement and corresponding excess flow rate [289, 40]. Thus, the
interface essentially provides a localized flow sensor.
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Another similar method instead uses a small particle trapped using optical tweez-
ers to quantify the changes in a channel adjacent to the one containing the droplet
[136].
The following technique requires furthermore investigation to better assess the
validity of the quantification of the droplet resistance. Nevertheless, the results
using the resistance of single-phase flow through complex geometry are promising
[274]. However, there is not a clear consensus with the results from other methods.
Detailed models
Another approach to understand droplet resistance relies on detailed theory-oriented
models. Previous works include both rectangular [309, 246] and circular [116] cross-
sections.
However, the complexity of the equations prohibits a straightforward understand-
ing of the factors determining droplet resistance. The complexity would only increase
for additional consideration of factors such as cells or micro-particle concentration
within the droplet and non-Newtonian behaviour of the fluids. These studies can
nonetheless provide qualitative insights.
7.1.3 A novel approach using active control and system iden-
tification
A majority of the previous methods relied on a syringe pump to drive the flow.
However, the persisting short-term and long-term oscillations of the syringe pump
are well documented from previous studies [159]. In contrast, the present approach
rather uses a pressure pump with fast response and better long term stability [149].
The quick pressure adjustment is a key consideration in the implementation of an
active control platform [311, 111]. For this novel approach, the ability of the active
control platform to impose an individual droplet movement according to an arbitrary
path is leveraged to apply system identification techniques.
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7.2 Working principle
7.2.1 Active control of droplets using visual feedback
The active control platform uses a desktop computer to implement the controller
and to establish communication with the different parts of the system. Figure 7.1
shows an overview of the flow of information for each sampling period of 100 ms.
More details are included in previous work [311, 111]. Essentially, an image analysis
algorithm identifies the droplet location based on the interface between the two
phases. This feedback is taken by the controller that then calculates the required
pressure at each inlet of the microfluidic chip. The pressure pump provides quick
actuation adjustments every sampling period.
Figure 7.1: Overview of the control loop implemented for the active platform.
7.2.2 System identification
The implementation of active control alone is not sufficient to provide further insight
into droplet hydrodynamic resistance. However, its ability to make a droplet follow
an arbitrary position reference signal is key to the application of system identifica-
tion principles. The general workflow for system identification is shown in Figure
7.2. The first step is system actuation; the path the droplet follows is designed to re-
trieve data providing information about the system. The input and output data are
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simultaneously recorded as the active control operate. The Matlab greyest system
identification algorithm generates a set of parameters that best fits the input-output
data provided based on the imposed model structure.
7.2.3 Identifiability analysis
For grey-box system identification, the number of parameters and model structure are
rooted in physical principles expressed mathematically using differential equations.
The identifiability analysis aims to decide whether the value of the parameters can be
confidently determined from the input-output data or not. The overall identifiability
property is a combination of the informativity of the experimental data and the
identifiability of the model structure [194]. The mathematical definitions are of little
insight here; hence, qualitative descriptions are included [22].
Experimental data informativity The input-output data collected experimen-
tally are informative if no other model could generate the same response.
Model structure identifiability A model identifiability is resolved by the exis-
tence (or the lack thereof) of two different parameter sets describing the same system.
Or more formally, the mapping from the parameter set to the model is injective.
Sensitivity
Varying an identifiable parameter value is expected to change both the state vector
and outputs. The sensitivity quantifies the effects of varying a parameter; the nor-
malized quantity is compared with the other model parameters in terms of order of
magnitude. A relatively low sensitivity magnitude for a parameter indicates that it
is harder to identify; changing its value does not affect as significantly the system
behaviour compared to the other parameters values.
Collinearity of parameters
Highly collinear parameters compromises the model structure identifiability. Groups
of collinear parameters can compensate for the change in one parameter by varying
other parameters. Therefore, multiple sets of parameters yield the same response.
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Figure 7.2: A general workflow for system identification. (1) System actuation is
necessary to excite the frequencies of interest. Without the proper choice of the ar-
bitrary path to follow, the information provided by the system will not be informative
enough (See Figure 7.3 for more details). (2) The input and output to the system (in
this case, each inlet pressure and the droplet position) are simultaneously recorded
while the system is actuated. (3) The recorded input-output data is post-processed
using the Matlab greyest algorithm from the System Identification toolbox. (4)
The system identification algorithm returns the set of parameters that best fit the
input-output data provided. The parameter of interest is the resistance of channel 3
that contains a single droplet and is otherwise filled with the continuous phase. The
subset of parameters is selected based on the identifiability analysis.
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Through the identifiability analysis, highly collinear parameters are determined and
excluded from the subset of parameters to be identified.
The mathematical evaluation of the interplay between the different parameter
subsets is implemented and automated in a Matlab-based toolbox [89]. The depen-
dence between parameters is quantified using the collinearity index (CI). A low CI
for a subset of parameters means they are not significantly collinear; thus, changes in
one parameter cannot be compensated by other parameters within that subset. This
ensures proper model structure identifiability. The CI quantification is based on the




αi · s̄K,i = 0 (7.2)
where K represents the k-th parameter subset composed of k parameters, αi are the
constants determining linear dependence if there exists a set of αi 6= 0 such that the
above equation holds, and s̄K,i is the normalized parameter sensitivity.





A group of parameters is deemed identifiable if the CI is less than 20 which
corresponds to at least 95% compensation within the collinear parameter group for
variations of the parameters outside of the group and at least 5% error for compen-
sation of parameter change within the subset [30].
7.3 Experimental setup for droplet control
7.3.1 Materials and chip fabrication




A PDMS chip is used to quantify droplet resistance as it is ubiquitous in the
microfluidic community and is used in numerous studies. Furthermore, subtle effects
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such as the top wall deformation can have substantial importance due to the high
power of the height parameter [43]. The difference between the nominal and the
actual channel height is the product of multiple factors: variations in the thickness
of the spin-coated SU-8 layer, variations in the mould height when transferred from
the master, PDMS absorption causing swelling, and deformation from the applied
pressure. These small but important circumstances are incorporated in this approach
to closely mirror the usual setup with PDMS microfluidic chip for applications.
7.3.2 Overview for experiment design
The continuous phase viscosity and channel length are considered to design an ex-
periment favourable to identifying the changes from a single droplet contained in a
microchannel.
The channel resistance is considered as the sum of the length filled with the
continuous phase and the dispersed phase droplet. The viscosity contrast between
dispersed and continuous phase influences the fluid flow profile within the channels.
Typically, the continuous phase such as silicone oil is more viscous than the aqueous
dispersed phase. Similarly to numerous other experiments previously summarized
in Section 7.1.2, the viscosity ratio is selected fairly low (2 < µc/µd < 5). Hence,
the changes from the lower viscosity dispersed phase will more significantly affect
the overall channel resistance. The selected dispersed phase is DI water while the
continuous phase is silicone oil 5 cst.
Likewise, the channel length is selected as short as possible to maximize the influ-
ence of the droplet resistance on the overall channel resistance. Channel 3 contains
the droplet and is 3 mm long. A shorter channel would increase too much the risk
of the droplet overflowing either at the junction with the other channels or in the
outlet.
7.3.3 Active control system implementation
System architecture
The active control platform enables the application of system identification meth-
ods to the quantification of droplet resistance; Figure 7.1 shows schematically its
architecture. The equipment used is more specifically a Fluigent MFCS-EZ pressure
pump that pushes the samples to the PDMS microfluidic chip. The Nikon Ti-E
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microscope with a 4X magnification objective is used to visualize the droplet in the
micro-channel. The information is conveyed to the computer with the Andor Zyla
sCMOS 5.5 camera. An image processing algorithm identifies the interface between
the dispersed and continuous phase within the channel. The current position is
passed on to the controller that compares it against the desired position. The ap-
propriate pressure for each chip inlet is then calculated and communicated to the
pressure pump. The complete control loop executes every 100 ms that is a 10 Hz
rate.
Arbitrary requested position
The active control platform enables the user to select a droplet interface for which a
pre-determined path is followed such as the one shown in Figure 7.3.
Implementation A table containing the desired position at each millisecond is
generated offline and loaded into the custom active control platform software. Each
time the control loop executes, the elapsed time from the initial timestamp is used
to look up in the table the current reference position. The controller calculates
the appropriate pressure to apply to each inlet that are then communicated to the
pressure pump.
Design justification The reference position that the droplet is following must
provide informative experimental data. A single sinusoidal input would allow iden-
tifying a couple of parameters [229]. The informativity of the input-output data is
ensured by providing a complex reference signal that excite numerous frequencies us-
ing white noise. However, the arbitrary reference position signal is not the input data
required by the system identification algorithm. The pressure input is determined by
the controller based on the reference signal and the current droplet position. Hence,
the frequency content of the input provided to the system identification algorithm
is filtered from the arbitrary path based on the sampling rate of 10 Hz of the con-
troller. This limits the excitability of the signal; however, extensive modifications to
the active control platform are required to accommodate a faster sampling rate.
The sampling rate is limited by the architecture and hence, a time-response ap-
proach is selected over the frequency-domain approach. However, simple step re-
sponses do not provide enough information about the system. Thus, white noise is
added to better excite the system. Furthermore, although the active droplet control
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system enables the user to specify an arbitrary path for the droplet to follow within
a channel, the model is based on droplet velocity. The white noise is added to a up-
and-down step to capture the hysteresis effects and average the behaviour over both
cases. The 500 µm step allows for the droplet to reach a greater velocity than with a
pseudorandom binary sequence (PBS). Droplet behaviour in micro-channels depends
on the droplet velocity generally expressed using the Capillary number. From the
peak velocity, the Capillary number for all experiments is less than 10−3.
Figure 7.3: Arbitrary reference position signal for the droplet interface in the channel
of interest (Ch3).
7.4 System identification methodology
The Matlab System Identification toolbox is leveraged with its grey-box system iden-
tification algorithm. The greyest function from the toolbox developed by L. Ljung
is used as-is. The set of parameters to identify are selected based on the identifiability
analysis.
7.4.1 Data separation
Three different sets of experiments are carried for each droplet-length-to-channel-
width ratio with at least two different chips on two different days. Each set of
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experiment is composed of 10 steps up and down (as shown in Figure 7.3) that are
subsequently separated into 30 seconds interval for each of the 10 datasets.
7.4.2 Data pre-filtering
To avoid fitting the parameters to noise, both the input and output data are pre-
filtered to reject the high-frequency noise. Hence, the analysis concentrates on the
frequencies of interest of the model. Briefly, the zero-phase delay filter (filtfilt)
function from Matlab is used with a low-pass filter frequency of 10 Hz. This ensures
no shift or delay.
7.4.3 greyest algorithm
The built-in System Identification Matlab toolbox is used. Grey-box system identifi-
cation is used in contrast to a black-box approach to retain the physical meaning of
the identified model parameters. The resources for grey-box system identification are
somewhat limited, especially when considering a multi-input multi-output (MIMO)
system. The user-defined model is in the state-space format. The algorithm finds
the set of parameters that best fits the provided input-output data.
State-space model structure
The model developed is based on the physical parameters of the system. In this
case, these parameters include the channel dimensions, the fluid viscosity, etc. The
physical properties are translated to RLC circuit elements similar to the previous
design strategy [311]. Differently, the sub-block circuit is a symmetric circuit with the
resistance and the inductance equally distributed on either side of the capacitance.
Moreover, using Simulink to easily obtain the state-space matrices with the numerical
values is irrelevant; the system equations must be derived analytically to retrieve
them in their symbolic form.
The lengthy and cumbersome resulting matrices are included in ESI.S1†. The
general expression and nomenclature are nevertheless outlined below. This model
only encapsulated the physics of the fluid tubing from the reservoir holder to the
microfluidic chip and the chip itself; hence the “tc” subscript used.
ẋtc = Atc · xtc +Btc · utc (7.4)
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y = Ctc · xtc +Dtc · utc (7.5)
where xtc is the state vector composed of currents and potentials, Atc is the state tran-
sition matrix and is a function of all the parameters (RchX, LchX, CchX, RtubeX, LtubeX, CtubeX),
Btc is the input matrix and is a function of LtubeX only, utc is the input pressure at
each fluid tubing inlet (P1, P2, P3) in the reservoir holder, y is the output vector
for the droplet velocity, Ctc and Dtc are the output equation matrices.
Tubing dynamics
The pump software provides the pressure measurement for each of its outlet. How-
ever, the pressure at the pump output does not instantaneously and exactly corre-
sponds to the pressure at the fluid tubing inlet (P1, P2, P3). The soft air tubing
connecting each pump output to the reservoir holder introduces dynamics of its own
that are previously investigated (see Chapter 6). For the air tubing used (1X3 mm
diameter and 66.5 cm length), the first-order model (Gair) has a scaling constant (k)
of 1 and time constant (τ) of 33 ms. The scaling constant is simply one because any






0.033 · s+ 1
(7.6)
The combination of the air tubing dynamics with the fluid tubing and chip dy-




































7.4.4 Parameter subset used for identification
The number of parameters of a model describing a system is a trade-off between the
fit to a specific dataset used for identification purposes and the prediction error with
another dataset obtained from the same system. Figure 7.4 conceptually represents
the trade-off. Ideally, the model is complex enough to capture the dynamics of the
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Figure 7.4: Relationship between the number of parameters and the fit to a single
input-output data set. Over-parametrization lead to poor fit to other datasets from
the same system. A validation data set is used to verify adequate fit to another
input-output dataset.
system while retaining a low model prediction error. A validation data set verifies
for over-parametrization.
In addition to the number of parameters, the specific subset of parameters to
include must be selected. The state-space model of the T junction considers the
tubing and channels for the 3 branches and comprises 18 parameters (see ESI.S1†
for the details of the model). A resistance, an inductance, and a capacitance are
associated with each tubing and microchannel. However, as outlined in Section
7.2.3, the mathematical formulation of the model impacts the efficacy of the grey-
box system identification algorithm. If subgroups of highly collinear parameters are
included in the identification scheme, then, different sets of parameter result in the
same output. The compromised model structure identifiability means that changes
in one parameter can be compensated by changes in other parameters. Therefore,
the parameters included must be carefully selected to provide informative results;
the excluded parameters are fixed to their nominal values used for controller design.
The analysis of the numerous parameters would be too cumbersome to complete
manually. Hence, a more automated and numerical approach for the identifiability
analysis is implemented using a Matlab-based toolbox developed by Gabor et al.
[89]. There are four components summarized in Figure 7.6: (a) parameter sensitivity,
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(b) largest identifiable subgroup, (c) highly collinear parameters, and finally, (d) the
identifiable parameters. The key parameter that must be identifiable is Rch3 because
this channel contains the single droplet.
(a) Parameter sensitivity The influence of each parameter on the states and
the outputs is quantified with a normalized magnitude. The parameters that have
an influence several orders of magnitude lower than the maximum magnitude are
disregarded as they are not identifiable. Their small influence on the output po-
tentially indicates a model over-parametrization. Nevertheless, eliminating parame-
ters requires the resulting model to also exhibit the desired identifiability behaviour.
Hence, although different models are assessed, only the full model with the 18 param-
eters and the tubing dynamics yields satisfactory results as it will be demonstrated.
The parameter of interest (i.e. Rch3) must have a sensitivity around the same order
of magnitude as the maximum one to be potentially identifiable as shown in Figure
7.6(a).
(b) Largest identifiable subgroup size The sensitivity analysis eliminates pa-
rameters that are more problematic to quantify. Nonetheless, all of the other pa-
rameters are not necessarily identifiable. Due to the potential collinearity between
the parameters, a smaller identifiable subset must be determined. A combinatorial
optimization approach is implemented in the toolbox [89] to find the largest group
possible for the collinearity index threshold. A threshold of 20 is deemed satisfactory
as it means that: (i) variations in the parameters outside of the subgroup can be
compensated at least to 95%, and (ii) variations to a parameter within the subgroup
is associated with an error of at least 5% when compensated for.
Multiple subgroups satisfy the collinearity index of 20 with the largest including
6 parameters. The appropriate subgroup K must include the targeted parameter
(i.e. Rch3). Furthermore, the analysis of the highly collinear parameter groups must
isolate the parameter of interest within a small group. The values of these highly
collinear parameters must be reasonably known as further detailed in part (c).
(c) Groups of highly collinear parameters The collinearity between the pa-
rameters within the selected subgroup K is further analyzed than using its quantifi-
cation through the collinearity index (CIK). Highly collinear parameters are grouped
together. These subgroups indicate that any inaccuracy in the nominal values of the
non-identifiable parameters will be reflected in the value of the identifiable parameter
from the subgroup.
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Figure 7.5: Identifiability analysis of the RLC state-space model with 18 parameters.
(a) parameter sensitivity. (b) largest identifiable subgroup. (c) highly collinear
parameter groups. (d) identifiable parameters.
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Figure 1.5 (continued): Identifiability analysis of the RLC state-space model with 18
parameters. (a) parameter sensitivity. (b) largest identifiable subgroup. (c) highly
collinear parameter groups. (d) identifiable parameters.
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Ideally, the parameter of interest–Rch3–would be isolated and have a low collinear-
ity index with all other parameters. However, the structure of the model and the
output information available imposes the collinear group relationships. The discrep-
ancy between the nominal values of the parameters excluded from the subgroup will
be reflected in the identified values of the other parameters. The best-case scenario,
as shown in Figure 7.6(c), is the grouping between Rtube3 and Rch3 only. Thus, any
inaccuracy in the nominal value of Rtube3 will be reflected in the identified value
of Rch3; however, the value of Rtube3 is experimentally determined with confidence
from a separate set of data using a flow sensor. Only Rch3 amongst the identifiable
parameters is confidently identified as concluded by this analysis. Nevertheless, Rch3
is the only parameter required to quantify the droplet resistance.
(d) Identifiable parameters The result of the identifiability analysis is visualized
graphically in Figure 7.6(d) similarly to a Bond graph. The identifiable parameters
are indicated with green circles. The six parameters that are identifiable as concluded
by this identifiability analysis are: Rch3, Lch2, Rtube2, Ltube2, Ctube2, and Ctube3.
However, as previously mentioned, the uncertainty in the other parameters–except
for Rtube3 that is confidently experimentally determined–means that only Rch3 is
accurately quantified.
7.4.5 Parameter set validation
Given one set of input-output data, the fit can be arbitrarily increased by increas-
ing the number of parameters. However, the prediction error for an independent
input-output dataset increases from over-parametrization as illustrated conceptu-
ally in Figure 7.4. Therefore, the model complexity–quantified using the number
of parameters–is a trade-off between the fit to the dataset used to determine the
parameter, and the model prediction error of an independent dataset.
Moreover, the complexity of the identifiability analysis increases with the num-
ber of parameters. The mathematical principles are implemented through Matlab
toolboxes (i.e. AMIGO2 and VisID [89]) to avoid the overly complex analytical
approach.
A straightforward validation of a particular set of parameters is used to simulate
the system with another set of input data: the validation data. Then, the measured
output is compared with the simulated output to verify that the fit is reasonable. A
much lower fit with the validation dataset indicates over-parameterization.
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7.4.6 How to calculate droplet resistance from the total chan-
nel resistance
The grey-box system identification algorithm determines the set of parameters that
best fits the data based on the specified model structure. The parameter of interest
within the set is the resistance of the channel containing the droplet that is moved
according to the arbitrary path (Rch3). The length of the droplet is varied in different
sets of experiments, but the channel length is kept constant.
The resistance of single-phase flow is well established compared to the resistance
of two-phase flow (i.e. droplet resistance). As per the Hagen-Poiseuille law (Equation
7.1), the dimensions are used to calculate the channel resistance for single-phase flow.








where R is the resistance [Pa · s/m3], η is the dynamic viscosity [Pa · s], L is the
channel length [m], h is the channel height [m] and w is the channel width [m].
According to the model structure imposed through the grey-box system identi-
fication (see Section 7.4.3), the resistance determined experimentally is for the full
channel (Rchannel as per Figure 7.7). The channel length is maintained constant for
all experiments for simplicity. Therefore, in order to calculate the droplet resistance
(Rdroplet) from the resistance given by the grey-box system identification algorithm
(Rch3), the resistance contributed by the continuous phase (Rcontinous) must be com-
pensated for using single-phase theory (Equation 7.9) as shown in Equation 7.10.
Rdroplet = Rchannel −Rcontinuous (7.10)
7.4.7 Resistance ratio
The experimental droplet resistance calculated as per Section 7.4.6 is compared to
the equivalent single-phase resistance. The ratio quantifies how much additional
resistance the droplet is causing. This additional resistance is attributed to the
Laplace pressure from the asymmetric leading and trailing caps, the gutter flow, and
the thin film flow. The droplet resistance ratio (DRR) is the quotient of experimental
to single-phase resistance; this is the ratio informally estimated as 2 to 5 for passive
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Figure 7.7: Schematic representation of the total channel resistance (Rchannel) as the







7.4.8 Statistical significance of the results
The impact of the droplet on the overall channel resistance are expected to be small
even with the intentional design as per Section 7.3.2. The challenging quantifica-
tion partly explains the difficult agreement between the studies summarized in the
literature overview.
Graphical representation of the data spread using error bars with their magnitude
equal to one standard deviation is deemed inappropriate because of their closeness.
Consequently, the statistical significance of the resistance compared to other droplet
length ratios is rather determined using a statistic test on the difference of means.
The 95% confidence interval of the mean difference is calculated based on the un-
known population variances [217]. If the interval includes zero, then, it is concluded
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where ∆x̄ is the difference in sample means, tα/2,ν is taken from the student’s t
distribution with α = 0.05 for the 95% confidence interval and ν is the degree of
freedom calculated using Equation 7.13 rounded down to the nearest integer, s1 and
s2 are the standard deviation of the first and second sample respectively, n1 and n2














7.5 Results and discussion
7.5.1 Experimental droplet hydrodynamic resistance
The fit of the nominal set of parameters is graphically compared to the one of the
identified set of parameters in Figure 7.8. The actual system output shown in grey is
the target that the system identification algorithm tries to match by considering the
input data and varying the parameters. Fit improvement is observed. The dashed
red rectangle shows a region of fast oscillations that are faster than any expected
response of the system. Thus, this region indicates an over-parametrization of the
model. Nevertheless, the identifiability analysis is suitable to quantify Rch3 using
this model structure. By changing the model structure and reducing the number of
parameters, a new identifiability analysis yielding similar results would be required
and could not be achieved. Hence, the RLC model is retained.
The model fit for each identified set of parameters is plotted in Figure 7.9 against
the corresponding Rch3 resistance. The system identification algorithm essentially
optimizes the value of the parameters to minimize the discrepancy between the mea-
sured and simulated system output. The identifiability analysis aims to select a
parameter subgroup that effectively reduces the equivalent local minima that would
lead to the algorithm converging to different sets of parameters with the same re-
sponse. Although the selected set of six parameters reduces the spread of the iden-
tified value for Rch3, there is still a considerable range of values. Therefore, the
results are selected based on a threshold of 50% model fit for the simulated system
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Figure 7.8: Model simulation of nominal and identified model compared to the actual
recorded system output. Dashed red rectangle shows oscillations too fast for the
physical system indicating potential over-parametrization.
compared with the actual system. Figure 7.9 shows that the values for Rch3 are
grouped closer at higher percent fit.
The selected data points based on model fit are shown in Figure 7.10(a). The
values of the resistance of the channel containing the droplet (Rch3) have a relatively
large standard deviation. This is further discussed in Section 7.5.3. The experimental
droplet resistance and ratio are calculated as per Equations 7.10 and 7.11 respectively
(see Figure 7.10(b)). The error bars are omitted due to their closeness. Instead, a
statistical test on the mean is used to determine which data points are statistically
significant from the others.
The statistical analysis demonstrates that some points are statistically insignif-
icant from each other. Hence, the method herein presented does not have the res-
olution to distinguish between the two smaller and the two larger lengths to width
ratio. The inclusion of the tubing dynamics is key to obtain statistically meaningful
results and supports the significance of this often–if not always–overseen part of the
microfluidic system (see Chapter 6).
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Figure 7.9: Percent fit variations and the corresponding identified channel resistance
(Rch3). Selected threshold is 50%. Model fit defined as per the Matlab compare
function.
7.5.2 Comparison with literature results
The numerous studies in the literature cover a wide range of parameters with varying
chip material, cross-section dimensions and shape, viscosity contrast, surfactant used,
Capillary numbers and many more. Nonetheless, a qualitative comparison between
the results from Figure 7.10 is useful to assess for the validity of this novel approach
to droplet resistance quantification that leverages active droplet control.
The general trend of the additional resistance from droplet is a sharp increase
from small to medium length to width ratios after which, a steady linear decrease is
observed for larger ratios. The sharp increase to the peak resistance ratio is higher
for smaller Capillary numbers and lower dispersed to continuous phase viscosity
contrast [289]. For a viscosity contrast around 0.2 and Capillary number less than
10−3, the peak resistance ratio is around 3.5 that is significantly lower than the 6.5
herein quantified [131]. However, the Capillary number is based on the maximum
droplet velocity that is only achieved at the step increase and decrease which can
potentially contribute to this discrepancy. Nevertheless, the reasonable agreement
with the previous literature consolidates this initial investigation that leverages the
active droplet control platform to apply system identification techniques to quantify
droplet resistance.
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(a) Identified channel resistance for droplet-length-to-channel-width ratios with
the error bars corresponding to one standard deviation.
(b) Ratio of experimental to theoretical (i.e. single-phase) droplet resistance
according to Equation 7.11.
Figure 7.10: Experimental droplet resistance results.
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7.5.3 Limitations
The resolution of the droplet resistance ratio is limited as shown in Figure 7.10(b).
The results are nonetheless promising for the further development of the technique to
improve the resolution. The technique could be applied more readily than the other
approaches to a wide variety of channel geometries, and fluid used, even potentially
non-Newtonian fluids that still require fundamental research to better understand
them. A better resolution is however necessary.
The control sampling rate of 10 Hz or 100 ms intervals limits the frequency content
of the input and output data. Although a fast pressure measurement apparatus was
developed to quantify the impact of the air tubing connecting the pump output to
the reservoir holder (i.e. the input), the image processing (i.e. the output) is the
limiting factor here. Significantly improving the image processing to identify the
droplet location is out of the scope of the current work but is envisioned for the
future. Moreover, the pressure measurement apparatus would also be required to be
further developed to enable three independent pressure sensors, one for each branch
of the T junction.
The compounding effects of the sampling frequency and the droplet position to
calculate the droplet velocity are not fully analyzed. The velocity must be used as
the output rather than the position; the plant to be identified must be strictly stable
for the system identification algorithm.
The droplet motion back and forth means a varying velocity, and thus, the Capil-
lary number varies but is bounded by an upper value (Ca < 10−3). The comparison
with the literature is hindered by the discrepancy in Capillary number in addition
to the numerous other experiment parameters.
7.6 Conclusion
7.6.1 Summary
Quantifying droplet resistance attracted research efforts from various angles including
pressure taps and interface comparison to quantify flow rate. However, the body of
research covers a wide range of conditions. Although each study agrees and draws
conclusions in accordance with their data, a consensus has yet to be reached due
to the complexity of the phenomenon. The active droplet control platform offers a
novel and distinctive approach that uses system identification methods.
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The active control enables the user to set an arbitrary path for the droplet. As
the droplet moves back and forth following a step with added white noise, the in-
put (i.e. pressure) and output (i.e. droplet position) are recorded. Matlab offers a
pre-packaged grey-box identification algorithm that post-processes the input-output
data. The model structure is fixed to retain the physical meaning of the parameters.
The subset of parameters to identify is carefully selected based on the identifiability
analysis to ensure their accuracy and narrower distribution. The system identifi-
cation algorithm optimizes the parameter value to minimize the difference between
the recorded system output and the simulated system output based on the recorded
input. The subset of parameters includes the resistance of the channel containing
the single droplet. From the known channel length and tubing resistance, the ratio
of the experimental droplet resistance to the equivalent single-phase resistance is
calculated.
Due to the current limitations of the approach, the resolution of the identified
droplet resistance ratio identifies only two levels although four droplet length to chan-
nel ratio were tested. Nevertheless, the overall trend is in agreement with previous
literature results. A sharp increase in resistance ratio is expected before a steady
decrease; the steady decrease region is omitted because of our method’s limitation
of the droplet length. This proof of concept aligns with the literature but could be
further developed to increase its impact and test numerous other conditions.
7.6.2 Future work
The scope of this paper is to present and verify the novel approach to quantify
hydrodynamic droplet resistance using active control and system identification. Al-
though the droplet resistance ratio obtained offers a crude resolution, the results are
in agreement with previous literature. This is promising as key improvements to this
approach could enable droplet resistance ratio quantification for a wide variety of
conditions, chip geometry and even, non-Newtonian fluids. There are three main ap-
proaches to obtain better resolution for the droplet resistance ratio: upgraded active
control platform, targeted system design, and improved identifiability and system
identification analysis.
An upgraded active control platform could provide better (i.e. more accurate,
more frequent) input-output data. Moreover, additional measurements such as flow
rate of the tubing could better quantify Rtube3 and also help the system identification
analysis to compensate for the leaking of the continuous phase through the gutter
and thin-film flow.
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The identifiability analysis is typically applied to an unknown fixed system for
which certain parameters must be quantified. However, in this study, there is some
leniency in term of chip design that could be better informed through an in-depth
identifiability analysis. This could help the system identification algorithm converge
more consistently to the same minima and narrow the data spread.
The grey-box algorithm used is from the Matlab system identification toolbox
while the identifiability analysis is performed separately by a toolbox developed by
another research group. A better synergy between the identifiability and identifi-
cation algorithm could enable more reliable convergence to solutions and narrower
parameter value spread.
With these improvements and the consequent better quantification resolution, a
more thorough study could consider a lot more parameters such as viscosity ratio,
channel aspect ratio, a wider variation of droplet length to channel width ratio,
different materials, and most importantly, non-Newtonian fluids.
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The study of fluid flow at the micrometre scale enables short reaction times and
low reagent consumption. These advantages are leveraged in numerous applications.
The applications range across numerous fields such as biomedical assays [87, 263],
water quality [176, 235, 295], drug screening [51], materials [198], and many more.
The applications use a variety of microfluidic platforms. The capabilities of both
passive and active platforms have been demonstrated in application-based studies.
However, the independent use by end-users is still limited. This is attributed to the
knowledge barrier faced by users in addition to the robustness of the microfluidic
platforms that should be improved.
Active platforms are envisioned to palliate the robustness issues of certain mi-
crofluidic platform. Moreover, the active components handle microfluidic-related
knowledge. As a result, the end-users are expected to more easily adopt microfluidic
platforms to leverage their advantages.
8.1.2 Motivation
The active control of droplets relies on a model for controller design. A better
understanding of the dynamics of the microfluidic chip is envisioned to provide better
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accuracy. Moreover, better understanding the dynamics of the microfluidic chip can
provide insights for chip design.
8.1.3 Literature overview
The dynamic behaviour of the microfluidic chip is seldom studied in the literature.
The passive systems that operate at steady state disregard transient behaviours.
These transient behaviours inform the dynamic response of the microfluidic chip sys-
tem. For active control, the actuation is periodically adjusted; small scale dynamics
matter.
The relative softness of PDMS-based chips is well known in the field. In addition
to change in dimensions due to swelling, the walls of the channel deform under
pressure. A study particularly looked at the additional flow rate resulting from
the top wall deformation [43]. However, the derivation is restricted to “shallow”
microfluidic channels that have a much larger width than height. Furthermore,
the comparison with experimental data is for an upper wall thickness of 0.2 mm.
Nevertheless, the demonstration of the importance of channel deformation for static
flow further motivates the investigation of its dynamic effects.
The previous work carried out by David Wong provided a proof-of-concept system
that motivated the further development of the active control platform. The model-
based controller relied on a formulation of the capacitance as per Equation 8.1 that
proved sufficient for stable operation. However, the formula is not experimentally









where A is the cross sectional area [m2], κ(Asubstrate, E, l) = AsubstrateE/l is the sub-
strate stiffness [Pa ·m], Asubstrate is the substrate area [m2], E is the elastic modulus
of the substrate material [Pa], l is the channel length [m], and β is the adiabatic
bulk modulus [Pa]. Note that the channel cross-section area (A) is multiplied to the
original formula to align with the other references that consider the flow rate rather
than the velocity.
Under the assumption of small deformations, the microchannel of rectangular
cross-section is approximated as per Equation 8.2 [34]. Although the equations are
presented within the context of a manometer design, they are deemed pertinent.
This equation is indirectly verified through hydrodynamic resistance experiments.
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Nevertheless, the context of the active droplet control platform motivates a deeper
and more thorough consideration of the rectangular channel capacitance.
C =
α∗ w h l(1 + ν)
E
(8.2)
where C is the rectangular channel capacitance [m3/Pa], α∗ is a scaling factor de-
pending on the width-to-height ratio with maximum value of 1 [ ], w is the channel
width [m], h is the channel height [m], l is the channel length [m], ν is the Poisson’s
ratio of the material [ ], and E is the elastic modulus of the material [Pa].
8.2 Methodology
The experiments collect the applied pressure and resulting flow rate at a 1 kHz
sampling rate. The objective is to determine the dynamics between the pressure and
flow rate using a first-order transfer function fit in Matlab.
8.2.1 Microfluidic chip fabrication
The micro-fabrication process follows a standard procedure that is detailed in the
literature [245]. The soft lithography procedure requires a master. The fabrication
involves the two-step spin coating of SU-8 2005 and SU-8 2025 on a silicon wafer.
The polydimethylsiloxane (PDMS) chip is moulded using the master. Although
hydrophobic surface properties are not required because the tests are single-phase,
a similar process is followed to ensure similar mechanical properties [137, 301]. The
mould is cured at 95oC for 1 hour before bonding to a PDMS-coated glass slide using
oxygen plasma. Then, the chip is baked at 170oC for at least 24 hours.
The mechanical properties of the PDMS chip are maintained constant throughout
the experiments. Consequently, the weight ratio of the pre-polymer and cross-linker
is maintained at 10 to 1. More specifically, the 95% confidence interval of the weight
ratio is (9.95, 10.00).
8.2.2 Pressure and flow rate measurements
The pressure sensor (TE Connectivity U536D-H00015-001BG) provides a measure-
ment of the input to the system. The range is from 0 to 1 bar with a ± 1 mbar
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accuracy and 0.24 mbar measurement resolution. The flow rate sensor (Sensirion
SLI-430 ) provides a measurement of the output of the system. The voltage output
is measured and then, converted to flow rate using the calibration curve (see “Flow
sensor calibration” below). Both the pressure and flow rate sensors are connected
to the same sensing apparatus to ensure proper synchronization between the two
signals. The sampling rate is 1 kHz; the details of the Arduino-based apparatus are
previously published (See Section 6).
8.2.3 Flow sensor calibration
The calibration of the flow rate sensor is necessary to maximize the accuracy of
the measurement. Each fluid used–water or silicone oil of various viscosities–exhibit
different thermal properties. The working principle of the flow sensor relies on the
heat dissipation from the flowing fluid. Consequently, a calibration curve is required
for each fluid.
A syringe pump (Harvard Apparatus Model 33 Twin) provides the known flow
rate. The short term oscillations of the syringe pump are averaged over 3 minutes
during data collection. This promotes a better accuracy of the reference flow rate.
The measured voltage is recorded in three separate sets: increasing, decreasing, and
random. The flow sensor settings ensure that the output is contained between 0 V
and 5 V for the whole pressure range. The flow sensor outputs voltage from 0 V
to 10.5 V for the positive and negative flow directions. Thus, the zero flow voltage
output is around 5 V. The chosen settings scale the flow between -100 µL/min to
120 µL/min to ensure the negative flow portion is fully contained within the 0 to 5
V range. Moreover, the voltage output is limited to 5 V to prevent damage to the
sensing apparatus. Each calibration curve is obtained using the same flow sensor
settings as for the data collection. The data points and fitted polynomial curves are
shown in Figure 8.1.
8.2.4 Sample tubing dynamics
The sample tubing connects the pressurized reservoir hold to the microfluidic, the
microfluidic chip to the flow sensor, and the flow sensor to the waste vial. The
connections are a combination of #10-32 and 1/4-28 fittings that conform to the
1/16” outer diameter of the sample tubing. Figure 8.7 illustrates the location of the
components for data collection with the microfluidic chip.
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y = 0.9196x2 - 30.829x + 125.85
y = -29.738x3 + 494.91x2 - 2722.1x + 4950.6
y = -13.753x3 + 256.42x2 - 1538.3x + 2995.5
























Water Silicone oil 5 cst Silicone oil 20 cst Silicone oil 50 cst
Figure 8.1: Calibration curves for water and silicone oil using the Sensirion SLI-430
flow sensor. Scaling limits from -100 µL/min to 120 µL/min.
The dynamics associated with the tubing is independently assessed by applying
a succession of increasing and decreasing pressure input without a microfluidic chip.
The resulting flow rate is fitted with a first-order transfer function to determine the
associated time constant. Multiple tubing lengths are evaluated to determine the
relationship trend.
Moreover, the resistance of the system is evaluated with a #10-32 union and two
#10-32 coned connectors to link two tubings and replace the microfluidic chip. The
experimental setup with the chip requires three individual tubing segments. Con-
stant pressure data is collected without the microfluidic chip, but with the three
tubing segments to assess the base resistance. The data processing compensates for
this resistance. The time constant associated with the use of the #10-32 union is
disregarded as only the resistance matters for the later experiments. Figure 8.2 rep-
resents schematically the experimental setup to assess the sample tubing dynamics.
For the 0.020” X 1/16” sample tubing, the resistance is on the order of 1013 Pa·s
m3
for silicone oil 50 cst. Figure 8.3 shows the resistance according to the total tubing
length with the resistance for the flow sensor compensated for. The data for the
length of 0.76 meters is for the #10-32 union and is representative of the tubing
used for data collection with the microfluidic chip. The resistance with the #10-32
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Figure 8.2: Experimental setup schematic to test sample tubing resistance and dy-
namics.
union is comparable to the one without (i.e. the data point for a length of 0.769 m).
Moreover, compared to the resistance of the channel, the variations are negligible.
Therefore, it is suitable to use the #10-32 union to initially collect data without the
chip to calculate the base resistance.
For the dynamics of the sample tubing, the #10-32 union data is disregarded
because it is only required for constant pressure data collection. The sample tubing
dynamics are nonetheless required because of its potential impact on the results with
the microfluidic chip. Various inner diameters, lengths, and fluid flow are considered.
Generally, the tubing time constant should be minimized to avoid interference with
the time constant of the microfluidic chip.
Firstly, the time constant associated with tubing of different diameters is assessed.
The outer diameter of all tubing is 1/16”. Consequently, the wall thickness varies.
As shown in Figure 8.4, the smaller diameter tubing corresponds to higher time
constants. Although the 0.030” tubing has a much smaller time constant, the large
diameter requires a large fluid volume from the sample vial. This is problematic due
to the limited volume available for tests before refilling. Moreover, the flow sensor
upper flow sensing limit should not be exceeded. The 0.010” exhibits larger time
constants than the 0.020” tubing. Consequently, the 0.020” is selected as the most
suitable.
Secondly, the length is varied. A shorter length is desirable to minimize the time
constant. However, the connection between the reservoir holder, the microfluidic
chip, the flow sensor and the waste vial requires a significant tubing length. Conse-
quently, the 0.769 meters tubing is selected to comfortably accommodate the physical
layout of the numerous components. Figure 8.5 shows the experimental relationship
between the tubing length and time constant.
Thirdly, the time constants associated with the various fluids are assessed. The
selected 0.020” tubing that is 0.769 meters long results in a non-negligible time
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Figure 8.3: Resistance of the sample tubing for different lengths. The fluid is silicone
oil 50 cst. The data for 0.76 m uses a #10-32 to #10-32 union to link two tubing
segments. The error bars represent one standard deviation for n = 3.
constant. Nevertheless, the time constant will be compensated when assessing the
time constant of the microfluidic chip. Consequently, the tubing time constant for the
different fluids is determined. Figure 8.6 excludes water because the resulting flow
rate exceeded the upper flow sensing range of the flow sensor. Nevertheless, the time
constant is expected to be proportional to the viscosity of the fluid. Furthermore,
the time constant for silicone oil 5 cst is already at the lower limit of the system
and is thus considered negligible. Consequently, the time constant for water is also
considered negligible.
8.2.5 Inlet design
The tubing is connected through a press fit for the 1/16” outer diameter to the PDMS
chip. The inlet then transitions to the micro-channel. The contribution of the inlet
to the time constant is not separately considered. However, microfluidic chips require
the inlet to easily connect the sample tubing. Therefore, the time constant with the
inlet is considered representative of the usual microfluidic chip use.
The time constant associated with the inlet is the product of the resistance and the
capacitance. However, the much wider inlet comparatively reduces the contribution
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Figure 8.4: Time constant for different tubing inner diameters. The larger 0.030”
tubing has a smaller time constant, but the resulting large flow rates are undesir-
able for the limited sample vial volume and the flow sensor range. The error bars
represents one standard deviation for n = 21.
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Figure 8.5: Time constant for different tubing lengths with inner diameters of 0.020”.
A shorter tubing is desirable, but the physical layout of the components requires
a minimum length for proper assembly. The error bars represents one standard
deviation for n = 21.
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Figure 8.6: Time constant for different fluids through a tubing of 0.020” inner diam-
eters and 0.769 meters. The time constant for silicone 5 cst and water are considered
negligible. The data for silicone oil 20 cst and 50 cst will be compensated for when
processing the data for the microfluidic chip time constant. The error bars represent
one standard deviation for n = 21.
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Figure 8.7: Experimental setup schematic for data collection with the microfluidic
chip before the flow sensor.
to insignificant levels through a small resistance. Nevertheless, the area is expected
to between 10% and 500% of the channel area depending on the dimensions. The
area of the inlet is about 5 × 106 µm2. For the smallest channel and the worse case,
the width is 100 µm and the length is 10 mm for a total area of 1 × 106 µm2.
8.2.6 Experimental setup for data collection
The setup to collect data with the microfluidic chip is similar to the one previously
shown in Figure 8.2. The microfluidic chip can be located either before or after the
flow sensor. If the chip is located after the flow sensor, the shape of the response
will have one zero and one pole. Oppositely, when the chip is located before the flow
sensor, the response will correspond to the typical first-order system response with
no zeros and one pole. For simplicity, the latter setup is selected and is illustrated
in Figure 8.7.
The time constant is identified from the experimental data. However, the capac-
itance of the microfluidic chip is of interest. In order to relate the time constant to
the capacitance, the resistance is required. The resistance of the chip itself is isolated
from the total system resistance by considering the resistance of the system without
the chip. A #10-32 union replaces the chip as per Figure 8.7 to link sample tubing
1 and 2. The base resistance of the system is determined from an applied constant
pressure and resulting flow rate as per Equation 8.3 [31].
∆P = R ·Q (8.3)
where ∆P is the pressure different [Pa], R is the resistance [Pa · s ·m−3], and Q is
the flow rate [m3s−1].
The microfluidic chip is primed with a constant pressure of at least 250 mbar for
10 minutes before data collection. This allows the PDMS to swell and ensures the
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dimension are consistent for the duration of the data collection. After the priming
phase, a constant pressure of 200 mbar is applied to record the flow rate. The base
resistance of the system–including the sample tubing and flow sensor–is deducted
from the overall system resistance to isolate the microfluidic chip resistance. The
resistance is later used to get the chip capacitance from the time constant.
A series of 8 increasing and decreasing step functions from 0 to 200 mbar is
then applied. The input pressure and output flow rate are recorded with a 1 ms
time resolution. Consequently, the smallest time constant that the system can con-
fidently identify is 10 ms. The series of steps is applied to multiple chip designs with
repetitions with two different chips on two different days. The time constant is ex-
pected to vary based on three main factors: fluid viscosity, height-to-width ratio, and
height-to-length ratios. Equation 8.4 combines the resistance [31] for a rectangular














Simplifying Equation 8.4, rearranging, and assuming that α∗ is only a function of
the height-to-width ratio (α∗ = α∗( h
w
)) yields the following relationship for the time
constant. The different parts of the equation are labelled according to the factor
determining its value.






















For this experimental study, only the fluid, length-to-height ratio and height-
to-width ratio are investigated. Four different fluids are considered: water, and
silicone oil 5 cst, 20 cst and 50 cst. Water and silicone oil are typical dispersed
and continuous phases used in microfluidic. Moreover, silicone oil is available with
a range of viscosity. The height-to-length ratio ranges from 200 to 3000. The total
channel length is restricted by the footprint available on a typical 1” X 3” glass
slide. Moreover, typical channel heights of 30 µm and 50 µm are used. Table 8.1
specifies the height and length combinations for the 6 different length-to-height ratios.










Only certain fluids are tested with each length-to-height ratio. The expected time
constant informs whether the information is useful. For example, for smaller length-
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Table 8.1: Length-to-height ratios with corresponding dimensions.
Length-to-height
ratio (l/h)







* Includes one curvature on the standard 1”X3” glass slide
Table 8.2: Specification of the length-to-height ratio considered for each fluid.
Fluid
Length-to-height ratio
200 300 600 1500 2500 3000
Silicone oil 50 cst X X X - - -
Silicone oil 20 cst X X X - - -
Silicone oil 5 cst X X X - - -
Water - - - X X X
to-height ratios, the time constant is expected to decrease. Thus, for water, the
higher length-to-height ratios are selected. Table 8.2 summarizes which length-to-
height ratios are considered for each fluid. Larger length-to-height ratios for silicone
oil results in a flow rate too small to measure with the flow sensor. Smaller length-
to-height ratios for water saturates the flow sensor at its maximum flow.
8.2.7 Assumptions for the time constant
The time constant resulting from this methodology is attributed to the compliance of
the microfluidic chip. Other factors are disregarded are compensated for as follows.
The input pressure is measured directly at the reservoir holder. Nonetheless, a
small pressure offset from the hydrostatic pressure of the fluid in the vial occurs.
However, the maximum height variation is 30 mm which corresponds approximately
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to 3 mbar. Consequently, this is neglected and lumped with the other system uncer-
tainties.
The time constant associated with the sample tubing was investigated. Hence,
the time constant can be compensated for to isolate the contribution from the mi-
crofluidic chip itself. Figure 8.6 shows that for a viscosity smaller than 5 cst–thus for
water and silicone oil 5 cst–the time constant is negligible compared to the system
minimal time constant identifiable of 10 ms. For silicone oil 20 cst and 50 cst, the
time constant is accurately identified for increasing and decreasing steps.
As for the other dynamics associated with the microfluidic chip itself, there is
inductance and compliance from fluid compressibility. For inductance, the small
characteristic length of the micro-channel unsurprisingly means negligible inertial
effects. Furthermore, a quick calculation with the worst-case scenario under study




















(50× 10−6)2(1− 0.63 · 0.1)
12 · 1× 10−6
< 0.2 ms (8.7)
As for the compliance contributed by the fluid compressibility comparatively to
the material deformation, the adiabatic bulk modulus of the fluids (β) and elastic
modulus of PDMS (E) are compared. The order of magnitude of GPa is considered
for the adiabatic modulus and a typical value of 2 MPa is used for the PDMS elastic
modulus. Thus, the contribution from the fluid compressibility is only about 0.2% of
the material deformation. Consequently, the compressibility is neglected, and only
the material deformation is considered.
8.2.8 Data processing
The data is processed first by converting the recorded values to pascals (Pa) and
meters cubed per second (m3/s) for the pressure sensor and flow sensor respectively.
The series of 8 increasing and decreasing steps is then separated into smaller subsets
of input and output data. The output flow rate is offset using the average of the
first 1000 data points. Thus, the change in flow rate is considered for the first-order
model fit.
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Then, the Matlab function tfest is used to fit a transfer function with no zeros
and one pole. The time constant (τ) is obtained from the denominator coefficients.
When using silicone oil 20 cst or 50 cst, the time constant of the tubing must be
compensated for using the data from Figure 8.6. The time constant of the chip
is identified through a lookup table built using a combined system with the time
constant of the tubing and an arbitrary time constant covering the desired range.
Then, a first-order system is fit to the combined first-order systems. Based on that
identified first-order system time constant and the tubing time constant, the time
constant of the chip is retrieved.
The time constant of the chip (τchip) considers both its resistance (Rchip) and its
capacitance (Cchip). The resistance is previously determined using constant pressure
flow. Thus, the capacitance is calculated from the resistance and the time constant as
per Equation 8.8. A symmetric circuit analogy with half of the resistance distributed
on either side of the capacitance is used. This is privileged over the simpler RC circuit





8.3 Results and discussion
The calculation of the capacitance compensates for the variations in resistance from
the nominal values. The time constant plots are omitted. Two first-order fit data
sets are shown in Figure 8.8. This case is for a smaller flow rate that exhibits a
smaller signal-to-noise ratio. However, the first-order function averages the noise
and nevertheless provides an acceptable fit.
As expected, the capacitance decreases with an increasing height-to-width ratio;
in other words, the more square cross-section has a lesser capacitance than an elon-
gated cross-section. The relationship is more or less inversely proportional (C ∝ 1
h/w
).
The mean capacitance for the various height-to-width ratios, length-to-height ratio,
and fluid used are regrouped in Figure 8.9. Each data point is an average of at least
60 increasing step and 60 decreasing step capacitance. Moreover, the two series for
the same nominal length-to-height ratio are from two different chips on two different
days. Error bars are omitted due to the relatively large discrepancy between the




Figure 8.8: First-order fit of the flow rate based on the measured pressure.
8.3.1 Comparison with previous models
The capacitance of the microfluidic channel considered by previous work is given
by Equation 8.1. However, the experimental data significantly disagrees with the
previous equation. The difference is 5 orders of magnitude (O(10−20) vs. O(10−15)).
Consequently, an another form for the capacitance equation is considered (Equa-
tion 8.2). The fitting parameter (φ) allows for the adjustment of the capacitance
based on the geometry. Without the fitting parameter, the discrepancy between the
experimental values and the capacitance using Equation 8.2 is 1 order of magnitude
(O(10−16) vs. O(10−15)). Although the prediction value is in closer agreement with
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(a) Water (b) Silicone oil 5 cst
(c) Silicone oil 20 cst (d) Silicone oil 50 cst
Figure 8.9: Capacitance results for the different fluids (water, and silicone oil 5 cst,
20 cst, and 50 cst) according to the height-to-width ratio.
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the experiment value, the fitting parameter enables a more accurate prediction.
8.3.2 Fitting parameter (φ)
The fitting parameter (φ) compensates for the assumptions and simplifications lead-
ing to the discrepancy between the predicted and experimental values. Its value is
calculated by dividing the experimental capacitance by all other terms from Equation
8.2.
φ = Cexp ·
E
w h l(1 + ν)
(8.9)
The material properties from the PDMS ratio and the chip thickness are maintained
constant for all experiments. Consequently, the fitting parameter should only depend
on geometric variables. However, other uncertainties increase the spread of the data.
The inlet hole location varies as it is manually located and punched before bonding
the chip. PDMS debris are present in various quantity and behaves differently from
chip to chip; the debris are unavoidable as they arise from the insertion of the tubing
in the inlet. Certain chip lengths (for length-to-height ratios of 1500, 2500, and 3000)
needed to include a curve to accommodate the full channel length within the glass
slide dimensions (1”X3”). Finally, the viscosity is varied to cover more conditions.
However, the resistance compensation effectively negates any influence from the vis-
cosity. Consequently, the only difference should be from geometry (height, width,
and length). The correlation between alpha and the normalized width is weaker than
for φ and the normalized length. The fitting parameter (φ), and thus, the capac-
itance, increases with an increasing height-to-length ratio. Longer channel lengths
mean smaller flow rates and smaller additional flow from the deformation. Thus, the
volume per pressure unit is also reduced, and hence, the capacitance is smaller.
When considering the capacitance trend per chip and per fluid (see Figure 8.9),
the relationship between the capacitance and the height-to-width ratio is clear. For
an increased height-to-width ratio (or an increased “squareness”), the capacitance
decreases. However, the agglomeration of all results into the fitting parameter plot
as a function of the height-to-width ratio (Figure 8.10(a)) does not exhibit any clear
trend. Oppositely, the relationship between the fitting parameter and the height-to-
length ratio (Figure 8.10(b)) demonstrates an approximately linear trend. Thus, the
fitting parameter (φ) depends more strongly on the height-to-length ratio than on
the height-to-width ratio.
The static deformation of the channel with the corresponding additional flow
rate is dependent on the flow rate (and thus, indirectly, to the length) [43]. The
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(a) Height-to-width ratio (h/w) (b) Height-to-length ratio (h/l)
Figure 8.10: Fitting parameter (φ) relationship with geometric ratios for all fluids.
additional flow rate from the deformation depends on the second term in the bracket.
A large aspect ratio (i.e. wide channel) is assumed. The details of the derivation












where h0 is the initial channel height [m], w is the channel width [m], ∆p is the
pressure difference across the channel [Pa], µ is the dynamic viscosity [Pa · s], l is
the channel length [m], t is the top channel wall thickness [m], and E is the substrate
elastic modulus [Pa].
Another study that is in contrast more experiment-based arrives to a similar con-
clusion [96]. The additional flow rate depends on the initial channel height (h0) and
channel width (W ), but not directly on the channel length. However, the dependence











where Qi is flow rate [m
3/s], α is a fitting parameter [ ], ∆p is the pressure difference
[Pa], W is the channel width [m], E is the substrate elastic modulus [Pa], and h0 is
the initial channel height [m].
The spread of the fitting parameter is too significant to formulate an analytical
equation for φ that provides an adequate fit for all data. Nevertheless, the use of the
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fitting parameter (φ) from the plateau at the largest height-to-width ratio for each
chip provides an adequate fit. This further reinforces the conclusion that the length-
to-width ratio dominates over the height-to-width ratio. Even without considering
the height-to-width ratio within the chip-specific data set, a prediction window of
± 15% is achieved. However, each fitting parameter used is specific to the chip. A
consensus across the various chips could not be achieved.
Figure 8.11: Assessment of fit for the fitting parameter (φ) as a function of the chip
only. This does not consider variations in width-to-height ratio; the smallest φ value
for each chip is used.
8.3.3 Limitations and uncertainties
The geometric range of conditions is limited to the height, width, and length con-
sidered. Any extrapolation cannot be supported. Nevertheless, the dimensions are
representative of a wide range of microfluidic chip designs. Moreover, the wide range
of viscosity of the fluid used (from 1 cst to 50 cst) covers the usual experimental pa-
rameters. Additionally, only PDMS chips are considered. However, the material is
ubiquitous in the microfluidic field. The most common ratio of 10 to 1 is selected to
ensure a wide extent of the results. Finally, the flow rates and pressures considered
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cover a limited range. The step pressure is up to 200 mbar. This is a typical pressure
for the active droplet control platform.
There are multiple sources of uncertainties that lead to data scattering. Never-
theless, the scattering is expected to mimic the typical use of microfluidic chip in
everyday settings. For a smaller flow rate (as shown in Figure 8.8), the noise is more
significant but still adequate. The first-order fit considers an averaged value within
the noise. The hysteresis of the system leads to differences between the time constant
from increasing and from decreasing steps. However, the time constant is averaged
over both increasing and decreasing steps. The inlets are manually punched. There-
fore, their location is not well controlled. The variation between the chips of the
same nominal dimensions is attributed to that. A more important factor related to
the inlet is its effect on the system capacitance and the debris accumulation.
The sample tubing is inserted in the microfluidic chip through a press fit. Al-
though dust and other debris are cleaned during the manufacturing procedure, the
insertion of the tubing creates small PDMS debris within the microchannel network.
If enough debris accumulate around the inlet, the resistance of the region is signif-
icantly increased. Moreover, the height depends on the location of the inlet as the
top channel wall deforms with the tubing insertion. The effects on the time constant
could be significant. The uncertainties related to the inlet are challenging to control,
their variations are expected to similarly impact every day of microfluidic chips.
Finally, the fitting parameter (φ) cannot be expressed succinctly as a function of
geometric parameters only. In order to do so, the contribution from the inlet would
need to be taken into account to limit the data scattering. Moreover, the flow rate
also seems to play an important role; the fitting parameter more strongly correlates
with the channel length and the fluid viscosity.
8.4 Concluding remarks
8.4.1 Conclusion
The microfluidic chip compliance is considered separately from the sample tubing
compliance. The time constant and chip resistance are experimentally determined
from measured input pressure and output flow rate. Then, the capacitance is re-
trieved by assuming a symmetric RC circuit. The height-to-width ratio and height-
to-length ratio are varied with different chip designs that are used with various fluids.
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The experimental capacitance is compared to a theoretical formula. The accuracy
is within one order of magnitude that is much closer than previous approximations.
The fitting parameter (φ) exhibits a stronger relationship with the height-to-length
ratio than for the height-to-width ratio. The purposeful design of the height-to-width
ratio enables the minimization of the capacitance; the height-to-width ratio should
be larger than 0.2. As for the channel length, the longer channels minimize the fitting
parameter, and thus, the capacitance. For the same pressure step, longer channels
have smaller flow rates, smaller volume displacement, and thus, smaller capacitance.
8.4.2 Future work
The results herein presented are exploratory. Further work should aim to improve
the understanding of the microfluidic chip capacitance. A more extended study
with wider pressure and flow rate range would extend the findings to more condi-
tions. Moreover, the material properties should be varied to investigate their effects.
Different more rigid materials such as polymethyl methacrylate (PMMA) or polycar-
bonate might eliminate the compliance effects. However, it would also be beneficial
to explore the relationship between the capacitance and the PDMS ratio.
Moreover, further experiments should decouple the inlet and channel capacitance
for a more detailed understanding. For the channels only, glued capillaries directly
connecting to the channel would avoid the need for inlets.
Finally, the experimental setup with the pressure sensor at the inlet and flow
sensor at the outlet could be supplemented by another flow sensor at the inlet. The
flow rate difference between the two flow sensors could then be attributed to the




A critical system analysis
9.1 Objective
The objective is to examine each component of the active droplet control platform
to identify the most impactful improvements to guide future developments towards
a faster modular platform.
9.1.1 Why a faster platform?
Improving the droplet control platform to execute its loop at a faster rate provides
three main advantages: improved throughput, better control performance, and en-
hanced information about the system from the input-output data.
The implementation of active feedback for added control in the context of mi-
crofluidics comes at the expense of throughput. Active approaches adding a control
layer to passive methods as well as traditional passive microfluidics both exhibit sig-
nificant throughput (i.e. ∼ Hz-kHz); arguably, there is potential for the production
of high-value products. However, the added control of our active platform is at the
expense of the yield. Hence, the focus must be shifted towards obtaining informa-
tion from the microfluidic platform rather than a product. Although a faster plat-
form could not compete with the throughput of passive microfluidic chips, improved
throughput would be beneficial to perform the analysis in shorter-time frames. This
could be especially important when handling photosensitive or temperature-sensitive
samples.
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For the controller, the rate of execution of the control loop limits its performance
in terms of the required time to reach the desired position steady state. A faster
control loop allows tighter monitoring of the system if actuated more brusquely to
ensure the system remains stable and performs adequately.
The control loop rate dictates the frequency information available from the recorded
input-output data of the system. Processing the feedback, calculating the required
pressure, and applying the pressures more quickly allows obtaining more informa-
tion from the system. System identification techniques would benefit most from the
added information extracted from the system to analyze its behaviour.
9.1.2 Why a modular platform?
The active droplet control platform was initially developed leveraging standard mi-
crofluidic apparatus, namely: a microscope with an expensive scientific camera, a
commercial pressure system, and PDMS microfluidic chips. Such an approach proved
fruitful at the proof-of-concept stage. Nevertheless, the expansion of the platform
outside of the microfluidic community requires a more accessible apparatus.
Moving away from the bulky but versatile microscope is envisioned to make the
platform easier to use and more accessible. Furthermore, a standalone system could
help view the active droplet control platform as a tool to obtain information. Mi-
croscopes are expensive pieces of equipment; although versatile, the requirement for
the platform under-utilizes their potential that is better suited for other purposes.
Within a modular system, a plug and play approach of each microfluidic function–
such as droplet generation, splitting, merging, and incubation–grants researchers
outside of the microfluidic field the power to tailor the manipulations to their spe-
cific needs. Thus, only high-level instructions would be required to perform their
experiments.
9.1.3 Overview
The complete active droplet control platform is divided into its components for con-
venient analysis. The numbered breakdown is shown in Figure 9.1. Each component
is addressed in the subsequent sections. Feedback is further separated into sub-
components to address the approach to feedback as a whole (#6 on the figure) but
also, each of the components for visual feedback is currently implemented in this
iteration of the platform. The core chapters also separately considered many of the
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components as shown in Figure 1.1. The semi-automated algorithm (Chapter 4)
adds a layer to the controller. The pressure pump (Chapter 5) provides a better
understanding and a more flexible actuation. The tubing dynamics (Chapter 6) and
microfluidic chip compliance (Chapter 8) are better understood.
The modular platform vision aims to assemble multiple modules, each with the
components shown in Figure 9.1. The system is additionally modular in the sense
that the actuation, controller, and feedback can be tailored to specific needs relatively
independently. The compatibility of the different parts of the system is important,
but there are multiple options for each component. For example, the controller cal-
culates the pressure to apply, but different pump models (e.g. commercial such as
Fluigent MFCS, open-source such as our µPump) can be used to drive the flow;
the important aspect is that they are pressure actuators as opposed to flow-driven
solutions such as syringe pumps. Notwithstanding their prohibitively slow response,
syringe pumps could be used as actuation mean but would require changes in the con-
troller as well. A similar logic is applied to the droplet position feedback. Hence, the
variety of options for each of the components is considered relatively independently
and are outlined in the subsequent sections.
9.2 Controller (1)
The controller of the active droplet control platform considers the current and re-
quired droplet position to calculate each of the pressures to independently apply at
the inlets.
9.2.1 Performance
The qualitative performance of the controller is intuitive with criteria such as reason-
able settling time for step displacements, avoiding saturation of the pressure, enough
force to generate and split droplets, and robustness to disturbances from other chan-
nels. However, a quantitative assessment of the performance is required to formally
assess different control strategies.
Performance quantification is closely linked to the optimal control field that aims
to either minimize or maximize an objective function. A benchmark test (e.g. fol-
lowing a specified representative path for a droplet) would allow the comparison of
various control strategies. The quantification of the performance should take into ac-
count errors (both steady-state and overshoot), robustness, sensitivity, and whether
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Figure 9.1: System overview separated into independent components.
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the minimum requirement is satisfied–or not–taking into account the typical system
noise as well as acceptable settling time and overshoot. The proposed benchmark
test is a 200 µm step-change for a water droplet that is ∼ 300 µm long in a 50×100
µm microchannel with silicone oil 50 cst as the continuous phase. The resulting
response should: (i) settle within 6 µm of the objective position, (ii) have a settling
time less than 1 second, and (iii) exceed the objective position by no more than 20%
(i.e. 40 µm).
Moreover, the performance is directly impacted by other components of the sys-
tem. Saturation of the actuation (either through the limited pressure pump range
or air leakage at the reservoir holder) limits the power available as well as introduces
non-linearity. The time required to complete each loop that includes the communi-
cation with each element and performing all calculations depends generally on each
component but image processing and actuation take the most time to complete. The
delay can affect system stability if too large.
9.2.2 Order minimization
Reducing the model order generally implies a simplification in the model based on
assumptions and neglecting or grouping less influential physics. The trade-off for a
smaller order model is typically a loss of accuracy. The negative effects on accuracy
can nevertheless be negligible enough to compensate for the gained model simplicity.
The two main advantages of reducing the model order are: faster computation and
easier controller design.
Arguably, a simpler model will involve smaller matrices. Thus, online compu-
tations of the required actuation based on the feedback completes faster. However,
considering the computational power provided by the computer in this system archi-
tecture, the computational resources are plentiful and the difference in computation
time is most likely negligible compared to the other delays required to perform the
other steps. Computational power could be more restricted on a modular platform.
However, the potential improvements are deemed small enough to not prioritize to
achieve a faster control loop.
A simpler model has the potential to simplify the design and the understanding
of the controller. Some performance might have to be sacrificed, but the impact
could be inconsequential although better quantification tools for the performance
are required to accurately assess. The reconfigurable controller design based on each
setup is automated and does not require anything more than the information about
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the current setup such as channel dimension, properties of fluid used, and inner
tubing diameter. However, considering the highly interdisciplinary nature of this
approach that combines microfluidics and controls, a more accessible design has the
potential to help researchers adopt this platform more readily if they can understand
it better.
9.2.3 Actuation saturation
In the context of pressure-driven flow that uses a pressure pump and reservoir holder,
the actuation can saturate from two different sources: pressure pump range, and
reservoir holder air leakage.
The pressure pump has a maximum pressure that it can apply (1 bar for Fluigent
MFCS and 2 bar for Fluigent EZ ). Nevertheless, the pressure should be kept lower
to avoid the delamination of the chip from the PDMS covered glass slide. The
quality of the bond is affected by uncontrolled factors such as ambient air humidity.
Consequently, a conservative maximum of 800 mbar is suggested. Furthermore, the
pumps cannot apply vacuum (i.e. negative pressure). The minimum (i.e. 0 mbar)
pressure is mitigated through the starting pressure setpoint around 200 mbar. The
waste outlet is also connected to a pressure outlet to control the back-pressure.
The reservoir holder provides an interface between the pressurized air from the
pump and the liquid samples to be fed to the microfluidic chip. The multiple con-
nections need to be airtight, but for ease of use, they must also be easily removable.
Thus, air can typically leak when applying high pressure, effectively saturating the
actuation. The usual connections that leak are the top fitting for the sample tubing
or the vial connection. Tightening the leaking connection rises the leaking pressure
so that it is out of the current operating range. Moreover, an o-ring is added to the
vial to help better seal the fairly coarse thread connection (M12X2). McMaster-Carr
provides a suitable product that is summarized in Table 9.1. The deformable O-ring
is used a few times but needs to be replaced periodically when not effective anymore.
9.2.4 Delays
The total time required to complete the control loop is a delay introduced into the
system. The stability of the closed-loop system depends on: the plant, the controller,
and the delay. If the delay is too long, an unstable closed-loop system can result.
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Furthermore, the delay can limit the performance; although a better quantification
is required to assess the significance of the impact.
The current software architecture performs all tasks in series although they are
separated on different threads. When one thread completed its task, it idles and
the following thread starts. The parallel computing power is not leveraged, but any
conflict arising from concurrent access to the same variables is avoided; thus, the
software is simpler to write and to maintain. Moreover, a real-time operating system
would avoid the Windows sporadic delays from different tasks, but once again, at the
expense of simplicity and accessibility. A good resource to handle multi-threading
is “C++ Concurrency in Action” by Anthony Williams [304]. Although parallel
computations are not implemented, here are some guidelines.
• Concurrency is defined as two or more separate activities happening at the
same time.
• Context switching between threads takes time, performance might not be better
due to the inherent overhead associated with the threads.
• A race condition occurs when the outcome depends on the relative ordering of
the operations of two or more threads (to avoid).
• Mutual exclusion (mutex) tools (e.g. QMutexLocker) allow to lock a shared
data structure to limit access, but deadlocks must be avoided with proper
synchronization between the different access points.
• Conflict arises from multiple threads modifying the same data structure, but
reading from multiple access points is ok.
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Table 9.2: Typical distribution of delays [ms] for the software (maximum total delay
allowed: 100 ms).









• The two main categories of problems arising from concurrency are: unwanted
blocking, and race conditions creating instability.
• Good guiding questions to keep in mind when testing and debugging: which
data needs to be protected from concurrent access? How do you ensure that
the data is protected? Which mutexes does this thread hold? Which mutexes
might other threads hold?
Considering the current serial software architecture, the total 100 ms of every
loop is distributed between three different tasks summarized in Table 9.2: image
acquisition and processing, controller calculations, and pressure actuation. The typ-
ical delay for each depends on the number of pressure output as well as the image
processing. For the latter, 2X2 binning is used for both cases.
9.2.5 Control strategies
The modularity of each component allows the controller strategy to be considered
more or less independently. The assumptions are that a droplet position feedback is




The Single-Input Single-Output (SISO) approach considers each channel indepen-
dently of each other. This proof-of-concept verified the model–to some extent–by
successfully stabilizing the marginally stable plant. Without the controller, mean-
ingful data cannot be recorded and analyzed. Hence, the SISO approach was the
first step and pioneered the combination of passive and active to launch the active
droplet control platform direction by David Wong [308].
Although coupling effects between the channels are not modelled or taken into
account, the disturbance from other channels is rejected through the feedback for
each individual channel. The pole-placement technique is used while considering
only the resistance and inductance portion of the model (2nd order model). The
capacitance is included only to assess the performance and compare the response as
the higher-order system is not deemed required at this early stage.
The controller performed adequately and stabilized the marginally stable plant.
Some disturbance from the motion of droplets in other channels were also successfully
rejected. However, the analysis of the performance indicated that this approach
would fail for faster systems. More importantly, the selection of the poles although
governed by some guidelines requires tuning for a larger system. Thus, a more
intuitive tuning technique that takes into account the channel coupling was developed
next.
Multi-input multi-output (MIMO)
The Multi-Input Multi-Output (MIMO) controller approach takes into account the
inherent coupling of each part of the microchannel network through the pressure
field [307]. A state-space representation is well suited for MIMO systems and allows
to leverage standard control techniques. In contrast to the arbitrary pole place-
ment from the SISO approach, the Linear Quadratic Regulator (LQR) is a feedback
control algorithm that relies on the minimization of an objective function. The ob-
jective function has two tuning matrices (Q and R) to weight the states and inputs
differently. Furthermore, a Luenberger observer is similarly designed to estimate the
states from the output(s). Finally, a static offset is estimated using a Kalman Fil-
ter to compensate for any pressure difference such as the hydrostatic pressure and
Laplace pressure jumps.
The design of the controller relies on the tuning matrices that contain the relative
importance within each matrix as well as between the two matrices. Each value is
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assigned depending on the type of quantity the state or input represents and is au-
tomated. Therefore, any combination of fluids, microchannel network configuration,
and dimensions are easily re-designed with the same procedure. The highly recon-
figurable MIMO approach is more suitable than the SISO as it requires essentially
no tuning from the user.
Adaptive command generator tracker
The SISO and MIMO approach both relied on the model to design and implement the
controller; however, there are model-free approaches. The prominent artificial neural
network most probably comes to mind, but they will be subsequently discussed. The
direct Model Reference Control (MRC) is herein considered.
Indirect control schemes use the system response to estimate the system parame-
ters periodically. However, for a complex model, the estimation step is too lengthy to
efficiently complete online and convergence cannot be guaranteed. Thus, the direct
approach is selected. The plant parameter estimation step is bypassed; the adaptive
law rather compares the system output and matches it to the reference model output.
No plant model is required; therefore, the only restriction on the order is to match
the plant and reference model order.
However, the caveat is the restriction from the dimensions of the model and
the input. For a command generator tracker, the existence of an inverse relies on
the number of controls (i.e. input pressure) being equal to the number of output.
Although a pseudoinverse can handle the cases when the number of inputs is larger
than the number of output, the opposite case (more outputs than inputs) do not
usually have a solution [146]. Therefore, the command generator tracker is only
applicable to microchannel networks composed of two T-junctions. This limitation
makes it less desirable to implement although it could improve robustness. The
multiplexing at the T junction enables the completion of different manipulations.
However, the number of reagents would be limited to two.
Other strategies
Other control strategies include artificial neural networks (ANN), model predictive
control (MPC), and fuzzy logic.
Artifical Neural Network Another model-free approach different from the com-
mand generator tracker is based on Artificial Neural Networks (ANN). The network
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ANN relies on a vast training dataset to learn both how the system behaves, and how
to control the system [225]. The ANN is a black-box that cannot provide physical
insight about the model; hence, this is a model-free approach that uses data rather
than knowledge about the system. This is especially purposeful for nonlinear systems
that are hard to model and to design a controller for. However, the microfluidic chip
behaves “nicely” and does not exhibit acute nonlinear behaviour. Moreover, the
current knowledge of the system would not be taken advantage of. Better use of
neural networks would be for better image processing or to identify the model better
through the grey-box system identification [2].
Model Predictive Control As its name implies, Model Predictive Control (MPC)
uses the system’s model to optimize both the current time, but also, for the future.
Only the current time step is acted upon; the optimization considering the future
time steps is performed again at each time step to take into account the new infor-
mation. The consideration of the future particularly helps for a higher-order system
or systems with longer delays. However, in the case of the microfluidic chip, delays
are relatively short. Although the model order is high (> 10) depending on the
complexity of the microchannel network, MPC relies on the model of the plant to
optimize future time steps. Consequently, the model should be reliable to benefit the
most from an MPC algorithm. Moreover, the current model structure does not take
into account the varying nature of the model as droplets are created, moved around,
and merged. Therefore, the advantage of the MPC would most probably be limited
by the inaccuracy of the model.
Fuzzy logic Fuzzy logic is more suited for the control of imprecise or vague nu-
merical quantities. Therefore, this approach is deemed inappropriate for the easily
quantified droplet position output and pressure inputs. Nevertheless, a fuzzy logic
algorithm could be implemented to determine when the reservoir holder is leaking.
A pressure difference between the pressure pump output and reservoir holder pres-
sure is partly attributed to the pressure drop across the soft tubing. However, a
“significant” pressure drop can indicate a leakage that saturates the actuation and
potentially lead to unstable conditions. The fuzzy logic could detect and alert the
user of leakage based on a defuzzification of the pressure difference between the
applied and actual pressure output to determine whether it is significant or not.
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9.3 Actuation (2)
The two common actuation methods for microfluidic systems are: the pressure pump
and the syringe pump. The Hagen-Poiseuille law dictates the relationship between
pressure difference, resistance, and flow rate [31].
∆P = R ·Q (9.1)
where ∆P is the pressure different [Pa], R is the resistance [Pa · s ·m−3], and Q is
the flow rate [m3s−1].
The resistance is determined by the fluid properties and geometry of the channel.
While ultimately the flow rate quantifies the flow behaviour, a syringe pump that
directly sets the flow rate is not suitable for active control. The response time
of a syringe pump is too long (on the order of one minute) and the flow pattern
exhibits persistent long-term transient behaviour. On the contrary, the pressure
pump provides fast changes in actuation and long-term stability. However, varying
resistance of the channel network from droplet manipulations results in fluctuation
in flow rate. Nonetheless, designing long channels and using feedback can mitigate
these oscillations. Therefore, although a syringe pump provides direct control over
the flow rate, pressure-driven flow is favoured for its desirable short- and long-term
dynamics.
9.3.1 Limitation from commercial systems
Multiple companies offer pressure pump systems that satisfy the needs of the mi-
crofluidic community. Although Dolomites (Mitos Fluika Pump) and Elveflow (AF1 )
offer pressure pumps, only the Fluigent MFCS-EZ is considered due to the availabil-
ity restricted by their expensive price.
Commercial systems such as the Fluigent pressure pumps are effectively black-
boxes; a pressure is requested, and the pressure output changes accordingly. Al-
though a Software Development Kit (SDK) allows controlling the pump within an-
other custom software, there is no information about the inner workings of the pump
or the driver. The documentation explains how to use the functions available through
the SDK dynamic link library (DLL) file. However, the capabilities are restricted by
the SDK provided by the company.
The major limitation of the Fluigent SDK is the writing and reading speed.
As shown in Figure 9.2, the operating speed of the pump is limited to 100 ms.
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Figure 9.2: Speed limitation test for Fluigent EZ-MFCS. Unresponsive below 100
ms. Sampling shown is every 40 ms.
Attempting to operate at 40 ms, for instance, results in repeated data points as the
pump updates its state only every 100 ms. The feedback from the pump can easily be
tested, but to test the pressure command speed, an external pressure sensor is used.
The red rectangle in Figure 9.2 highlights the data points for which the command
changed–as per the instructions from the software running at a 40 ms sampling
loop–but the pressure does not immediately start to change according to either to
the pump or external pressure sensor feedback.
The SDK for the Fluigent pump allows setting the proportional term of the
controller. Therefore, the responsiveness of the pressure output is tuned. However,
there are still some restrictions as the control scheme itself cannot be changed and
no information is available other than the one “alpha” parameter that is adjusted
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by the user using the mfcs set alpha function.
9.3.2 Open-source system from off-the-shelf pressure regu-
lators
An open-source system is developed to make microfluidic more accessible to re-
searchers by decreasing the financial burden of important equipment. Contrarily
to the commercial system such as the Fluigent MFCS-EZ pump, the open-source
pump–named µPump–allows for customization of each component. Moreover, the
details of the communication protocol are available and customizable.
The pressure control is provided by an off-the-shelf pressure regulator (ControlAir
T900-CIM ). Thus, although µPump is much more customizable than the comparable
commercial systems, the pressure response is dictated by the pressure regulator.
Characterization of the response estimated the natural frequency of the actuator
around 6 Hz. Therefore, the pressure regulator is the limiting factor for pressure
pump response time. A similar natural frequency–within an order of magnitude–is
expected from any piezoceramic actuator.
9.3.3 Other approaches
Pressure pumps
Multiple pressure pumps aimed towards microfluidic research are available on the
market. Due to their prohibitive cost, only one model (Fluigent MFCS-EZ ) is thor-
oughly tested and analyzed as it is the only apparatus purchased.
The accuracy and stability of the MFCS-EZ of ± 1 mbar are taken as a baseline
against which the other models are compared. The typical operation of the microflu-
idic pump requires pressures larger than 200 mbar; thus, the error is limited to < 1%.
Furthermore, a software development kit (SDK) must be available to integrate the
pressure pump control within the custom active droplet control software. Elveflow
offers a product with a similar performance of 1 mbar accuracy for their 2 bar system
[77]. Moreover, they quantify their settling time as 35 ms. An SDK is also available.
The use of a syringe pump is motivated by the unavailability of a pressurized
air source typically required to operate pressure pumps. Dolomite offers pressure
(or vacuum) pumps with more limited pressure ranges (500 mbar) but that does
not require a pressurized air source. Moreover, no external power source is required
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Figure 9.3: Bode plot for the pressure regulator (ControlAir T900-CIM ) included in
µPump. Natural frequency (ωn) around 6 Hz. Reproduced from Ref. [90].
other than the USB connection. Thus, this product is suitable for integration in
an environment with more limited resources available. However, some accuracy and
stability must be sacrificed with a typical 3 mbar error range [68]. Less demanding
applications in terms of accuracy but more demanding because of the environment
might benefit. The current active droplet control platform as laboratory equipment
has both power and pressurized air available. Nonetheless, in the context of making
the requirements less stringent on researchers starting in the field, this product could
potentially offer certain advantages.
Servovalves
Considering the limited response time by the type of actuator (i.e. electro-mechanical),
a potential solution would be to use another principle to drive the flow. Servovalves
typically provide faster actuation due to the mechanical feedback; essentially, an
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electric signal is used to modulate the magnetic force retaining the flapper to pro-
vide the correct flow rate for which the input pressure is used to drive the valve. A
lot of servovalves are developed for large flow rates providing unreasonable accuracy
at the required small flow rate (e.g. Moog D941 Series, 8 to 80 L/min with 33 ms
response time). Nonetheless, this alternate approach to drive the flow also has a
limited selection that handles smaller flow rates.
The Moog 30 series range is available down to 0.95 L/min and has a natural
frequency of 200 Hz. However, they are rated based on very high input pressure (3000
psi); further characterization of the response under lesser input pressure is required.
Moreover, the servovalves handle liquids rather than air. Consequently, either the
samples are directly controlled at the expense of contamination and cleaning risks or
a novel apparatus similar to the reservoir holder but for liquid-to-liquid interfacing
must be developed. Finally, the servovalves output flow rate rather than pressure
although they could be combined in a feedback loop with a pressure sensor. Moog
also have their E024-LB series that is for high-performance applications such as
aerospace and Formula 1. The specifications go down to 0.4 L/min and a 250 Hz
response while maintaining a lightweight and small form factor.
The German origin company Burkert offers servovalves specifically for microflows.
The volume per stroke is small (5 µL/stroke) but could lead to pulsatile flow, es-
pecially for the slower and intermittent flow rate required by the active control to
perform droplet manipulations.
The main caveat to servovalve is that they are designed to handle fluids rather
than air. Therefore, to avoid cross-contamination, a similar approach as the reservoir
holder could be adopted. The servovalve can feed a liquid to pressurize air that is
then used to act on the sample. However, such a strategy could significantly reduce
the actuation bandwidth.
Sliding mode control pressure pump
The major cost associated with the pressure pump as demonstrated by the open-
source µPump is the pressure regulators converting the analog voltage to a pressure
output. An alternative approach is to use a combination of solenoid valves [288].
Although some accuracy and stability are sacrificed, the cost is reduced. However,
solenoid valves have a limited number of cycles they can perform before failing; hence,
minimizing the on-off switching is desirable. A sliding mode control helps to prolong
the valve lifetime [334].
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On-chip actuation
An on-chip actuation approach could eliminate the air and sample transport while
potentially increasing the actuation frequency. However, by eliminating the reservoir
holder, the pressure pump actuation would then be dependent on the driven fluid;
extensive calibration would most probably be necessary.
Manual actuation approaches are not suitable; the active control approach re-
quires to automatically adjust the actuation according to the calculations from the
controller based on the feedback.
A piezoelectric film integrated on-chip is demonstrated to control the flow of
water over the range of 0 to 300 µL/min by tuning the frequency and peak-to-peak
voltage of the applied voltage [335].
Another approach uses electro-conjugate fluid pumps that have a 22 X 21 X 1 mm
footprint. Oil is driven directly, whereas water is pushed using oil. The relationship
between the voltage and resulting flow rate depends on various factors requiring
careful calibration, namely: surfactant concentration, viscosity, and wettability [205].
An on-chip micropump developed for organ-on-a-chip applications vibrates a
PDMS membrane using a magnet [211]. The frequency and peak voltage of the
vibrations are related to the resulting flow rate. However, the pulsating nature of
the flow is unsuitable for droplet microfluidics while it is sufficient for single-phase
flow. Moreover, the reported accuracy is not satisfactory for the active droplet con-
trol platform.
9.4 Air transport and reservoir holder (3)
The pressure from the air output from the pressure pump interfaces with the sample
at the reservoir holder, and more specifically, at the surface of the sample in the vial.
The additional hardware–that is the reservoir holder with its connections–required to
interface between the pressurized air and the samples allows for the pressure pump to
be used with any liquid sample without requiring any calibration or any adjustment.
The pressure at the sample tubing inlet is the addition of the air pressure to the
hydro-static pressure from the liquid contained in the vial. Furthermore, if the
surface tension is strong, a non-negligible force could be applied from the curvature
with the side of the vial. Nevertheless, only air pressure and hydro-static pressure
are herein considered. The impact should be minimized at least within the expected
variations from the pressure pump output (± 1 mbar for Fluigent MFCS-EZ ).
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Figure 9.4: Pressure fluctuations between the pressure pump output and the reservoir
holder connected by a 1-mm inner diameter soft tubing of 65 cm length.
The soft tubing connecting the pressure pump output to the reservoir holder has
two potential inner diameters that fit the standard barbed connection: either 1 mm
or 1/16” (1.6 mm). Accurate pressure measurements from external pressure sensors
revealed that the larger tubing of 1/16” inner diameter did not exhibit any pressure
difference or pressure propagation dynamics. Conversely, the 1 mm inner diameter
tubing showed a pressure difference that is approximated using a first-order model
(see Chapter 6). Figure 9.4 shows the pressure difference as a step pressure is input
over a 1 bar range. Even if the peak occurring at each step change settles after
2 seconds, there is nevertheless a persistent pressure difference between the pump
output and the reservoir holder. The difference is attributed to the resistance of
the tubing. The resistance is highly dependent–to the fourth power–on the inner
diameter of the tubing; thus, the small difference in the inner diameter of 0.6 mm
has a high impact on the resistance of the two types of tubing. The resistance of
the 1/16” inner diameter tubing is decreased enough for the pressure difference to
be negligible. Although for the active droplet control platform such difference is
detrimental to its performance, passive microfluidics is more lenient about static
offset; pressure stability is more important. The first-order behaviour of the tubing
can effectively act as a filter to dampen the oscillations from the pressure pump, and
thus, provide a more stable pressure source.
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According to the hydrostatic pressure principles, the pressure increases linearly
with depth within the vial proportionally to the density of the liquid. The sample
tubing tip is usually at the bottom of the vial to prevent introducing air bubbles as
the sample level decreases in the vial. However, the height of the liquid above the
tubing tip adds pressure in addition to the one provided by the air as illustrated
in Figure 9.5. For water, the hydrostatic pressure corresponds to approximately 1
mbar for each centimetre of depth. For shorter experiments or experiments using
only a small volume from the vial, the height variations are potentially negligible as
they remain within 1 cm throughout the experiments. However, some variations are
introduced over longer experiments or between experiments when the level within
the sample vial fluctuates.
Phydrostatic = ρ · g · h→ ∼ 1 mbar per 1 cm of water (9.2)
Pliquid = Pair + Phydrostatic (9.3)
Figure 9.5: Schematic representation of the combination of air and hydro-static
pressure transmitted to the liquid sample.
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Another potential disadvantage of the reservoir holder is the relatively large vol-
ume of sample required to operate. Although the microfluidic experiments use much
smaller volumes, the vial should realistically contain at least 100 µL to mitigate the
risk of introducing air into the sample tubing. Such high dead volume could ideally
be reduced. However, intuitive solutions such as decreasing the volume diameter
might lead to more significant capillary forces. Other smarter approaches should be
sought to mitigate this issue.
9.5 Sample transport (4)
The reservoir holder provides the interface for the pressure to be applied at the inlet
of the sample tubing. Then, the sample is carried to the microfluidic chip inlet.
9.5.1 Dead volume
Similarly to the vial used to contain the sample, the tubing contains a volume sig-
nificantly larger than the volume required for the droplet manipulations. Hence, the
advantage of requiring a smaller volume is reduced. The dead volume is lowered by
using a smaller inner diameter and shorter tubing. However, the practical limit of
reaching from the reservoir holder to the microfluidic chip restricts how much dead
volume is eliminated. Another alternative eliminating the need for the reservoir
holder with the sample being loaded directly on the chip might be beneficial but
needs to be developed.
Furthermore, the consideration should take into account the difference in scale
between the vial and the sample tubing. While the vial can contain ∼ 2 ml, the
largest tubing diameter with a length of 50 cm corresponds to 0.23 ml that is ∼10%.
As for the smaller tubing, the volume of 0.025 ml is less than 2% of the vial volume.
9.5.2 Dynamics
Considering that tubing is used to transport the sample from the reservoir holder to
the microfluidic chip, the dynamics associated with it are minimized. The dynamics
are summed by assigning values to RLC circuit elements similarly to how the model
is developed. The control loop running at every 100 ms gives an order of magnitude
below which any dynamics is deemed negligible. Moreover–and potentially, more
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importantly–the relative scale of the dynamics of the tubing compared to the mi-
crofluidic chip indicates whether it is appropriate to neglect the dynamics from the
tubing.
Resistance
The resistance of the tubing represents the viscous forces involved in moving the





The sample tubing resistance could be neglected if less than 1 % of the mi-
crochannel resistance. For typical rectangular channels of 50×100 µm, the resistance










Therefore, for a 1% contribution of the tubing resistance with respect to the
microchannel resistance, the diameter should be as follows for a tubing length of 50















= 0.01→ r = 0.00037→ r > 0.37 mm (9.7)
From the tubing length of 50 cm, and a small channel length of 5 mm, the recom-
mended minimum tubing radius is 0.37 mm. However, if the channel is longer than
5 mm–and thus, has a higher resistance–the tubing can have a smaller diameter.
Conversely, if the tubing is longer than 50 cm, the diameter should be smaller. How-
ever, considering that the relationship to the radius is to the 4th power, the tubing
diameter recommendation is not expected to significantly change. Furthermore, the
recommendation is independent of the fluid viscosity because both the tubing and
channel contain the same fluid; thus, the viscosity cancels in the ratio.
However, this recommendation does not take into account the reduction of the
dead volume contained in the tubing. The length should be minimized, but the re-
duction is only linear. In contrast, by minimizing the diameter, the volume decreases
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to the second-order that is much more impactful, especially for expensive reagents.
However, for the more inexpensive samples, then, larger tubing is more desirable
with minimal financial impact, but a larger impact on the system’s behaviour.
Capacitance
The capacitance effect has two main contributors: the elasticity of the tubing walls
and the compressibility of the fluid. Each is considered independently. The elastic
modulus of the tubing is lesser than the adiabatic bulk modulus of water; hence,
the analysis will first focus on this more important factor. Although the thin-wall
assumption is not fully valid in this situation, it can still provide valuable insight
concerning the scale of the effects. Furthermore, considering the thick-wall would re-
sult in a more conservative (i.e. smaller) time constant estimation for the same outer







2E(0.793× 10−3 − rinner)
(9.8)
The time constant associated with the capacitance also depends on the resistance
of the tubing.











Let’s consider the worst-case scenario for a longer tubing of 50 cm, the higher
viscosity oil we typically use (silicone oil 50 cst), and the outer radius for the 1/16”
tubing. The relationship is quadratic with respect to the inner radius (r). Therefore,
the time constant is evaluated for the usual tubing dimensions (0.010”, 0.020” and
0.030”) rather than calculating the radius range based on the time constant criterion.






τ0.010” = 3.4 ms; τ0.020” = 2.1 ms; τ0.030” = 1.8 ms (9.11)
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For the contribution from the adiabatic bulk modulus (i.e. fluid compressibility),











For a target maximum time constant of 5 ms considering the most viscous sample
used and a generously long tubing, the corresponding radius criterion is then.
τRC2 = 5× 10−3 =
8(0.04815)(0.5)2
r2(2.2× 109)
→ r > 0.094 mm (9.13)
Inductance
As the fluid is accelerated either positively or negatively, the inertial effect of trans-





The time constant associated with the inertia effects is the ratio of inductance
to resistance. For the recommended tubing diameter, a radius is recommended to


















Typically, the least viscous sample used–which will result in the highest associated
time constant–is water-based with a kinematic viscosity about 1 × 10−6 m2/s (or
1 cst). Thus, for a maximum time constant of 5 ms, the maximum diameter is
calculated.
τLR = 5× 10−3 =
r2
8 · 1× 10−6
→ r < 0.2 mm (9.16)
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Table 9.3: Summary of available tubing dimensions in imperial and metric units.




Figure 9.6: Graphical representation of the constraints to minimize the resistance
ratio and time constant associated with the capacitance and inductance. The 3
common inner diameters for 1/16” outer diameter tubing are denoted by the grey
vertical lines. Not to scale.
Summary
The typical tubing used is a PFA tubing with 1/16” outer diameter available in 3
sizes of inner diameter. The dimensions in imperial and metric units are summarized
in Table 9.3. Moreover, a graphical representation of the constraints from each of
the elements is shown in Figure 9.6.
Based on the available dimensions, the recommended tubing to simultaneously
optimizes the time constant associated with the tubing elasticity, fluid compress-
ibility, and inertial effects is: 0.010” inner diameter. However, the resistance ratio
of 1% cannot be satisfied simultaneously. Nonetheless, the resistance of the tub-
ing is more accurately characterized and is taken into account as a pressure drop
while the various dynamic effects are much more difficult to quantify confidently
and introduces additional complexity with increased model order. The resistance is
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a passive element that represents the pressure drop, but that does not involve any
time-variations. The corresponding ratio would require microchannels to be at least
349 mm in length to maintain the 1% negligibility that is unreasonable considering
the limited footprint available. The resistance ratio could be reduced with a shorter
tubing, but that would increase the dynamics associated with the capacitance.
5.71× 10−18(0.5)
π(lchannel)(0.127e− 3)4
= 0.01→ lchannel = 0.349 m (9.17)
For passive microfluidics, the short-term dynamics from the capacitance and in-
ductance are not as important as the resistance ratio. However, channel lengths for
passive designs are typically longer. Thus, another guideline should be developed. As
for the active design, the contrary applies; short-term dynamics are more detrimental
than the resistance ratio between the tubing and the microchannels. The resistance
is a passive element that will introduce a pressure drop proportional to the flow
rate. For single-phase flow that is present in the sample tubing, the modelling is
accurate enough. Comparatively, the dynamic effects of capacitance and inductance
have more uncertainty in their modelling and can detrimentally affect the controller
performance.
9.6 Microfluidic chip (5)
The dynamic behaviour of the microfluidic chip is considered in two parts: inductance
and capacitance. The resistance is a passive element that is related to the flow
rate and pressure drop. The time constant associated with the dynamics–either
inductance or compliance–is used to assess its importance. The system sampling
rate is 100 ms. Therefore, any dynamic with a time constant less than 5 ms is
neglected.
For microfluidic channels, the small characteristic length leads to negligible iner-
tial effects. Considering a relatively bad case for which inductance is more prominent
yields a negligible time constant. Therefore, the inductance of the microfluidic chip



















(50× 10−6)2(1− 0.63 · 0.1)
12 · 1× 10−6
< 0.2 ms (9.19)
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The capacitance dynamics of the microfluidic chip has two main sources: fluid
compressibility and material compliance. Similarly to the sample tubing, the adia-
batic bulk modulus of the fluid is much larger than the elastic modulus of PDMS.

















(50× 10−6)2(2.2× 109)(1− 0.63 · 0.5)
< 1.6 ms (9.21)
Neglecting the inductance and fluid compressibility leaves the compliance from
deformation as the principal source of dynamics effects for the microfluidic chip.
The experimental data (see Chapter 8) indicates a capacitance on the order of
10−15 m3/Pa. The capacitance and channel length are inversely proportional. Longer
channels increase the resistance, and thus, decrease the flow rate for the same pres-
sure. The channel resistance towards the upper range is on the order of 10−15Pa ·
s/m3. Therefore, the time constant is significant and should not be neglected. The
updated formula from Chapter 8 requires a fitting parameter (φ) that is between 2
and 20 depending on geometry and flow rate. Nevertheless, the agreement with the
experimental data is much better.
Cchip = φ ·




The current controller uses the droplet position as feedback. Although velocity could
be obtained from the flow rate, the measured flow rate is typically the continuous
phase flow rate. Although the difference between the continuous and dispersed phase
flow rate is not outrageously significant, the few percent difference can lead to unac-
ceptable performance for the control of the droplets (i.e. the dispersed phase) [133].
Therefore, the potential feedback methods considered will be restricted to droplet
position feedback.
The requirements are based on the current characteristics of the system to main-
tain the current manipulation accuracy. The resolution is about 3 µm/pixel, and
the maximum frequency achieved is 10 Hz; the impact on computation time and the
overall architecture is considered. The main categories of feedback are: optical and
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electric feedback. Visual feedback from the camera attached to the microscope as
well as the direct implementation of CMOS arrays are considered for optical tech-
niques while capacitive and microwave sensors are considered for potential electrical
feedback approaches.
9.7.1 Visual feedback
The current system feedback is provided by a camera attached to the microscope in
combination with an image processing algorithm. The phase contrast between the
aqueous and oil phase allows for simple identification of the droplet position within
the channel under bright field view.
Optical detection can be more advantageous than electrical signal feedback be-
cause it is more specific; with electrical signals, multiple situations can yield the
same signal while for optical feedback, the signal is more robust. Identifying the
droplet position is not jeopardized by the projection of the 3D droplet shape unto
the 2D camera sensor when a proper focal plane is used. Moreover, fluorescent dyes
are generally selected based on the application and bought off-the-self–albeit some
are expensive–from a large selection as the field is mature, and fluorescence tagging
is common in many bio-applications.
Dyes can be expensive not only because of the price tag of the chemical itself
but also, by requiring specific filters to tailor the excitation and emission spectrum.
Moreover, the wide-spectrum light source is expensive to acquire but is used for a
wide range, and possibly all dyes. Most importantly, the feedback provided by the
dyes regarding the assay requires switching from bright field to fluorescent view.
This is challenging for the current simple image processing that is stopped such that
the system remains stable. However, the controller is not actively maintaining the
droplet position; hence, droplet drifts and must be manually maintained in position
for the required duration. A peak detection correlation algorithm using the droplet
shape is used to post-process the image and extract the fluorescent intensity of the
droplet for each frame.
9.7.2 Capacitive sensors
Capacitive sensors utilize the difference in dielectric constant (ε) between the dis-
persed and continuous phases. The capabilities of capacitive sensors have been shown
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to provide not only droplet presence but also droplet velocity using inexpensive hard-
ware and software [76]. However, the information provided is localized to the sensor;
thus, to acquire a droplet position over the entire channel length, sensors must be
located underneath its full length.
Fabrication techniques for capacitive sensors limit their minimal size–and thus,
resolution–around 10 µm. Furthermore, the microfabrication is significantly com-
plicated and results in a lower yield. Finally, electrodes are prone to fouling. A
passivation layer can shield them from the microchannel content; however, decreased
sensor sensitivity results.
9.7.3 Microwave sensor
Another type of sensor uses the higher-frequency range (i.e. microwave sensors). Al-
though promising advances have been made by fundamentals studies, the technology
is not mature enough yet. Achieving complex position sensing of multiple droplets
is currently too challenging.
9.7.4 CMOS arrays for lensless systems
Although individual electrical signal sensors are typically used in microfluidics to
obtain localized information, CMOS arrays are used to detect within an area of
interest. CMOS sensors are ubiquitous for cameras, but they can also be purchased
separately and have been utilized within the context of the microfluidic field [214,
97, 62, 45, 148, 182, 220, 196].
The typical size of CMOS array pixels is about ∼ 2-6 µm. Smaller pixel size
cause problems with a camera due to the diffraction of light through the aperture;
hence, a significant decrease in pixel size is not expected in the future as there is
no strong motivation for cameras that is the main target. Nevertheless, a high-end
CMOS array (e.g. Canon 120MXSM) has 120 MP for a pixel size of 2.2 µm that is
comparable to the current resolution of the visual feedback. However, the rate for
full resolution is quite low at 9 fps with the rolling shutter.
Similar to electric signal feedback methods, one of the main advantages of CMOS
array is the potential to move away from the traditional microscope. Furthermore,
contrary to electrical signal feedback methods, a CMOS array could be integrated into
a module with a filter and light source to leverage the wide availability of dyes [214].
This is considered the most promising and versatile option for a modular system
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moving away from the traditional microscope setup. Nonetheless, the progress of
such a platform still requires development.
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9.7.5 Microscope (6.a)
A microscope is a ubiquitous tool in many research laboratories, especially for life
science studies. Considering the standard glass-slide size of microfluidic devices as
well as the many life-science-focused applications, the usage of the microscope is
compelling.
The versatility of the microscope comes from its easily interchangeable magnifica-
tion objectives, and light filters for excitation and emission wavelengths. The camera
attachment is also convenient for alignment. However, the size of the attachment (C-
mount vs. F-mount) restricts the maximum sensor size, and thus, the field of view.
Nikon released a new line of inverted microscopes (Eclipse Ti2 series). The camera
F-mount offers more versatility to attach several optical elements as the focal length
is longer than for the C-mount. More importantly, the diagonal sensor element is
increased from 22 mm to 25 mm; thus, a larger camera sensor is compatible and
increases the field of view.
The newer line of product from Nikon (both microscope and camera) has im-
proved specifications, but the improvement is only marginal (25 mm for F-mount vs.
22 mm for C-mount). Nonetheless, a bigger sensor increases the resolution in terms
of µm/pixel, and hence, more microchannel elements fit within the field of view. But
it also depends on the camera that is discussed in further detail in Section 9.7.6.
Although the microscope is ubiquitous and versatile, it is bulky and expensive.
Therefore, in the optic of building a modular system, the disadvantages outweigh
the advantages. Each module would require a microscope.
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9.7.6 Camera (6.b)
The camera attached to the microscope visualizes the microfluidic chip and pro-
vides the information to the computer that then uses image processing to extract
the feedback (i.e. droplet position). The specifications of the camera limit the feed-
back capabilities in multiple ways; the most important are: field of view size, data
transmission rate, and fluorescence signal detection.
Field of view size
The camera is attached to the Nikon Eclipse Ti microscope side C-mount. The field
of view available as the workspace of the active droplet control platform depends on
the sensor size. A bigger sensor allows imaging of a larger area without sacrificing
resolution (µm/pixel).
However, the sensor size is limited by the aperture size of the C-mount. An
F-mount as a slightly larger opening (25 mm versus 22 mm) that accommodates
cameras with correspondingly larger sensors. Furthermore, the number of pixels on
a sensor is also limited; light diffraction can result in increased noise and poorly
resolved signals. Therefore, the pixels are ∼6×6 µm. Hence, a bigger field of view
requires both a camera with a larger sensor and a wider F-mount.
Larger sensor size is desirable.
Data transmission rate
The rate that the camera can transmit the information to the computer depends on:
(a) how much information is transmitted, and (b) how fast can the information be
read.
The number of pixels–commonly expressed in megapixels (MP)–and the binning
determines the number of values that are transmitted. Binning (e.g. 2×2, 4×4)
averages the value over multiple pixels to maintain the size of the region of interest
(ROI) but at the expense of resolution. Conversely, the ROI is decreased to diminish
the number of pixels while maintaining the resolution. However, for the active droplet
platform, both the resolution and ROI must be maximized to encompass a workspace
large enough to manipulate droplets and to accurately and robustly identify the
droplet interface within the channel. The current setup utilizes 2×2 binning, not
because the transmission is too long but rather, because the image processing is
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not optimized; thus, too many pixels require too long to process and severely limit
the control loop frequency. Moreover, the size of the information transmitted for
each pixel depends on the bit-depth that determines how nuanced the images are; a
greater bit-depth reduces quantization errors.
The two common transmission modes are either through a standard USB 3.0
connection or using a Camera Link with multiple (e.g. 10) taps. The multiple
taps enable to systematically read multiple regions of the sensor simultaneously, and
thus, decrease the delay. Therefore, both the frame rate and bit-depth are increased
because of the increased transmission capabilities of the additional Camera Link
hardware. Furthermore, the shutter operation limits the frame rate per second. A
global shutter takes in all the information simultaneously which is slower than the
rolling shutter typical of CMOS sensors.
Fluorescence signal detection
Optical detection commonly relies on the detection of fluorescent intensity to quantify
the results. A camera sensitivity to fluorescent signal is quantified in electrons (e−)
and is related to the noise from the sensor signal. Photons hitting the sensor will
generate a charge (i.e. electrons); for each pixel, an analog voltage is amplified and
subsequently converted to a digital signal according to the pixel depth. Additionally,
cameras that have vacuum-sealed cooling have better long-term reliability and image
darker images with less noise.
Therefore, a lower read noise [e−] is desirable.
Comparison summary of CCD and CMOS cameras
Table 9.4 summarizes the properties of two CCD cameras and one CMOS camera.
Except for the cost, the CMOS camera exhibits better properties for all categories.
The most important is the available frame rate that must be high enough, even if
restricted by the USB 3.0 connection.
Therefore, the Andor Zyla sCMOS 5.5 is the best choice in this limited selection
of camera because of its: (a) larger sensor size, (b) high transmission speed, (c)
good bit-depth, and (d) fluorescence signal sensitivity. The cost is higher, but not
significantly for the improved specifications.
The current system setup does not fully use the potential of the camera; hence,
rather than purchasing another camera, improving the current architecture would
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be better. The C-mount restricts the improvement from a larger sensor, and the
fluorescence signal sensitivity is already low. However, the transmission rate could
be accelerated using a 10-tap Camera Link. Moreover, the bit-depth would also be
improved from 12-bit to 16-bit to provide more nuanced information. A frame rate
of 100 frames per second (fps) provides visualization every 10 ms that is 2.5 times
faster than the current 40 fps provided through the USB 3.0 connection.
Other options
Consumer-grade cameras sometimes have the same sensor as their scientific camera
counterparts. However, the integration, support, and SDK are often lacking. The
consumer cameras are not designed and built with post-acquisition and linearity
as objectives. Thus, accurate quantitative intensity measurements (e.g. fluorescent
signals) are compromised due to image compression, colour, and timing accuracy.
A more cost-efficient option is machine vision cameras. For example, Flir offers
a wide range of products. The 10GigE line leverages the high transmission rate
of 10 Gb/s through Ethernet to achieve both high resolution and high frame rate.
The selected model is more affordable than the CMOS camera and achieves high
frame rates at a satisfactory resolution. The smaller pixel size increases noise, but
the degradation in performance cannot be easily quantified without testing the spe-
cific conditions. Moreover, although additional hardware is required to connect the
camera to a desktop computer, the interface card is relatively inexpensive (∼$310,
included in the price in Table 9.5) and uses one PCIe Express 2.0 bus from the
motherboard. This additional hardware is much cheaper than the 10-tap camera
link required to run the Zyla camera at 100 fps. Furthermore, compliance with
the IEEE1588 standard enables accurate synchronization between multiple cameras
without user input using a switch. An overview of the characteristics is presented in
Table 9.5. Flir offers a variety of machine vision cameras with different sensor sizes;
the larger the sensor, the slower the frame rate. Thus, there are other options, but












































































































































































































































































Table 9.5: Summary of specifications of Machine Vision and CMOS cameras
Property Machine Vision CMOS Camera
Model Flir ORX-10G-123S6M-C [81]
Andor Zyla sCMOS 5.5 [7]












Cost [∼ $ CAD] 6 000 17 000/24 000
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9.7.7 Image processing (6.c)
Current image processing work flow
The current platform uses the open-source library OpenCV to perform image analysis
and extract the feedback required for the controller (i.e. droplet position). There
are two main aspects to image processing: setup and online image processing.
The droplet position identification relies on background subtraction. Although
the approach of this algorithm is straightforward and sufficient for the proof-of-
concept platform, it is the source of many limitations that will be subsequently
discussed. The principle is that a static background image is recorded to: identify
the channel region, make a mask to only consider the centre of the channel, separate
the channel network into individual channels, and identify the channels such that
the direction and label correspond to the designed controller.
The background is subtracted from the online images to identify the “new” ele-
ments within the field of view. The mask previously setup is applied such that only
the interface across the flow direction is identified. Unique markers are assigned to
each object, but to maintain continuity, the previous frame is analyzed to track and
assign the same marker to the closest object. Furthermore, droplets are identified to
recognize the so-called neck region that is used to generate or split droplets. Finally,
the feedback is given to the controller from the position of the marker indicated by
the user.
Key limitations
Some key limitations hinder the use of the platform: the static background, the
processing speed, and the restriction to unfilled droplets under bright field view.
The process of saving a background image to subtract from the online image feed
requires the field of view to remain static. Therefore, after the setup, the user is
restricted to the same field of view at the same magnification; sometimes you expect
the interface to soon appear within the field of view, but for unknown reasons, the
interface is not present. If the user decides to change the field of view position to
verify if there is debris obstructing the channel for example, then, the background
setup must be repeated. The user would otherwise need to return to the exact
position where the previous setup was completed which cannot be done manually
with sufficient accuracy.
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The current image processing completes within 30 milliseconds that is the second-
highest delay after the pump actuation within the 100 milliseconds sampling rate (see
Table 9.2). The resolution of the image is already sacrificed from ∼ 1.5 to 3 µm per
pixel using 2×2 binning to complete within the prescribed time frame. Consequently,
the software should be optimized before the hardware (camera sensor size, camera
frame rate, aperture size). Upgrading the hardware will be required when the image
processing is not the limiting factor, but rather, the information available from the
hardware is insufficient. Currently, the software cannot process all the information
provided for the hardware; thus, part of the information is discarded through the
binning process.
Water in oil appears “unfilled” such that the interface contrast is a line across
the channel. Oppositely, a blood droplet would appear “filled” because of the darker
colour and insignificant transparency. Consequently, the current image processing
recognizes the whole blood droplet as the marker across the channel. Similarly, a
droplet filled with fluorescent dye would not be properly recognized by the current
algorithm because of the absence of a delimiting line at the edge. This is especially
problematic for applications that rely on fluorescent signal for the assay feedback.
The image processing and controller must be turned off while fluorescent measure-
ments are recorded; the droplet tends to drift along the channel and must be manually
maintained stationary through slight pressure adjustments.
Minor workflow improvements
The current image processing workflow can be marginally modified to improve ef-
ficiency without changing the overall structure. The OpenCV library is used but
with a different processing approach. There are four minor workflow improvements
herein suggested: divided workflow per channel, edge detection, automated threshold
adjustment, and GPU processing.
Divided workflow The current workflow uses the whole image to subtract the
background and apply the mask. All markers are identified, and subsequently, they
are assigned to their corresponding channel. This is useful to maintain a global
overview allowing to easily compute the neck and to track the marker for the same
object across multiple channels. However, the computation is heavier due to the
large size of the matrices involved; moreover, the T-junction shape does not allow to
easily reduce the dimension in one direction.
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Figure 9.7: Schematic representation of the suggestion division of the image process-
ing workflow. Each channel and junction region is separated to reduce the matrix
size to process. The regions on either side of CH1 are ignored.
The background setup and online processing could be modified by sectioning the
different regions of interest as the first step to reduce the size of the matrices to pro-
cess. Moreover, there would be potential to ignore certain regions if they are known
to not be of interest at the moment. An additional region for the junction should be
setup to identify the so-called neck that is used for feedback during droplet genera-
tion and splitting. The overall divided workflow is schematically illustrated in Figure
9.7. One drawback is that tracking the markers of the same object across different
channels could be more challenging. Moreover, the overhead cost of separating the
full image into regions needs to be tested to ensure faster computation for a wide
range of channels and junctions.
Edge detection Microfluidic chips have various applications in the biomedical
field. Blood is a bodily sample that provides useful information; yet, its non-
Newtonian behaviour is problematic. The active control platform has the potential
to adjust to the blood behaviour and compensate for any discrepancy with Newto-
nian fluid through the feedback. However, the image processing is challenged due
to the “filled” appearance of droplets. Similarly, droplets with fluorescent content
under fluorescent view lack the distinctive line rather than an area to separate the
dispersed from the continuous phase. By introducing an appropriate edge detection
step, the algorithm could handle both filled and unfilled droplets by “unfilling” the
filled droplets.
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Automated threshold adjustment The recognition of both the channel and the
droplet interface relies on thresholding to identify the darker lines. The threshold
value is manually and dynamically adjusted using the user interface. An automated
threshold adjustment could be implemented to reduce setup time and variability
between users. Although the lighting conditions are fairly consistent between exper-
iments, the main variability is caused by different focusing that alter the appearance
(thickness and darkness) of the channels and droplets.
GPU processing Image processing is performed with all other operations in the
main part of the software. Thus, CPU resources are used. The GPU is better suited
for image processing. In addition to the faster computational speed, the processing
could be done in parallel to other steps. However, this makes the code more complex
which means more difficult debugging and maintenance.
Major re-design
Decentralized architecture A standalone system and even more so a modu-
lar system would both benefit from decentralized processing of the images through
a separated GPU (or CPU). The computation could be performed faster and in
parallel to other operations and other modules. However, synchronization and com-
munication could be challenging. Nonetheless, for a modular system, a separated
processing platform for each module is envisioned as an efficient way to handle the
different modules. Supervisory control would be required to handle synchronization
and high-level steps such as collecting the user input from which the steps for each
individual module are determined and communicated to each of them.
Neural networks Neural networks have shown tremendous potential especially in
the field of image processing. An open-source library such as TensorFlow could be
implemented to analyze the image and provide the feedback of the droplet position
required by the controller. The neural network algorithm could be more robust to
handle different situations. However, its performance greatly relies on the nature
and quality of the training data. Moreover, obtaining a representation and extensive
training data set could be time-consuming, especially if required for new designs that
currently are easily handled by standard image processing.
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9.8 Summary
Each component of the current active droplet control platform (as per Figure 9.1)
is critically analyzed to identify potential improvement to move towards a faster
modular platform. The takeaway from each section is summarized in Table 9.6. The
envisioned architecture for the modular platform is outlined in Figure 9.8.
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Figure 9.8: Overview of a proposed modular platform architecture.
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Table 9.6: Summary of the recommendations for a faster modular active droplet
control platform for each component.
Component Summary
1. Controller The current MIMO approach is versatile and performs
adequately. A simpler model could help make the active
droplet control more accessible.
2. Actuation The limitation of commercial pressure pumps stems
from the inflexibility of the software. However, this type
of actuator (i.e. piezoelectric E/P transducer) has a lim-
ited actuation bandwidth (ωn ≈ 6Hz).
3. Air transport The dynamics between the pressure pump output and
reservoir holder are negligible for the slightly bigger in-
ner tubing diameter of 1/16” versus 1 mm.
4. Sample transport The smaller tubing with an internal diameter of 0.010”
has generally negligible capacitance and inductance dy-
namics. However, the resistance is significant compared
to the microchannel resistance; nonetheless, this is sim-
ply a pressure drop for single-phase flow.
5. Microfluidic chip The most important dynamics is from material compli-
ance. The capacitance is on the order of 10−15 m3/Pa
for typical dimensions.
6. Feedback A direct imaging with a CMOS array could replace the
camera while providing similar feedback with minimal
loss of precision.
6(a). Microscope The F-mount of the new Nikon inverted microscope line
is more advantageous than the C-mount from the previ-
ous models.
6(b). Camera A machine vision camera provides adequate perfor-
mance at a lower cost, more easily support high frame
rates and synchronization between the camera for each
module.
6(c). Image processing An improved workflow separating the different regions
of interest can accelerate image processing. A decentral-
ized architecture approach with supervisory control for





The development of the microfluidic field shows great promise in a wide range of
applications. The advantages of flow at the micrometre scale are leveraged in cell
studies, biochemistry, environmental factor monitoring, material synthesis, and many
more. However, the end-users–researchers in the application fields–do not indepen-
dently use microfluidic platforms and devices. The lack of accessibility hinders the
impact of microfluidics as a field. The active droplet control platform is envisioned
to enable end-users to easily leverage microfluidics. The automated portion of a
standalone system would interface between the user and the microfluidic flow with-
out requiring the user to fully understand the working principles. The work carried
out in this thesis aims towards the development of such an automated standalone
modular system for independent use by end-users.
The targeted issues touch upon each part of the system. Moreover, technology
and knowledge-based approach are used to make a wider impact. A broad approach
is favoured to develop each component in tandem. The components influence each
other. Thus, it is preferable to work on the whole system rather than concentrating
on components, and subsequently realizing that two subsystems are incompatible
or at odds with each other. Achieving the fully automated standalone modular
platform is ambitious. This could not reasonably be achieved within the scope of a
single thesis. Instead, significant stepping stones are reached for each component to
lay a strong foundation for the future development of the modular platform. Each
core chapter of this thesis targeted a different part of the system.
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The semi-automated algorithm (Chapter 4) targeted the controller to improve
manipulation accuracy and repeatability. Moreover, the semi-automated manipu-
lations are important stepping stones towards fully automated procedures involving
multiple droplets. The additional layer enabled semi-automated manipulations: gen-
eration, splitting, and merging. The droplets are generated with an accuracy of ±
10% of the length and a monodispersity of ± 1.3% for 500 µm long droplets. The
droplets are split with an accuracy of ±4% for the splitting ratio between the two
daughter droplets. The automated merging of droplets is demonstrated. Moreover,
two droplets with different content are thoroughly mixed as quantified by the mixing
index. The potential of the active droplet platform is demonstrated using a drug
screening assay. The generation, merging, mixing, and storage of the droplets enable
the qualitative assessment of the inhibitor on the aggregation.
The open-source system, µPump (Chapter 5), addresses the lack of transparency
and flexibility of commercial actuation systems. Moreover, the financial burden to
the users is reduced. The price point of the open-source system is $3000 USD and
$5000 USD for 4 and 8 independent pressure outputs respectively. The pressure
accuracy of 0.1% of full scale (i.e. 2 bar) is suitable for microfluidic applications and
is comparable to the commercial systems. Moreover, the application performance is
compared between the open-source and commercial pressure pump. The generated
droplet volume indicates the system stability. The two systems displayed a similar
level of performance, but the open-source system provides more flexibility at a lower
cost.
The dynamics associated with the air tubing (Chapter 6) connecting the pressure
pump output to the reservoir holder have commonly been neglected. However, active
droplet control benefits from a more comprehensive understanding of the system.
The 1/16” (∼ 1.6 mm) inner diameter tubing is found to have negligible dynamics
for various elastic moduli. Nonetheless, the 1 mm inner diameter tubing exhibited
significant dynamics. The non-linear relationship is simplified to a linear first-order
model without significant accuracy loss. The tubing length is the most important
variable in determining the air tubing time constant. A typical time constant value
is 33 ms.
The uncertainties about droplet resistance (Chapter 7) lengthen the design pro-
cess through multiple iterations and requires user intuition to palliate. The studies
from the literature agree well each with their own data. However, a consensus has
not been established yet. The new approach with the active droplet control platform
is promising. The preliminary results agree qualitatively with the literature.
The microfluidic chip compliance (Chapter 8) is more significant than previously
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assumed. The order of magnitude of the capacitance for various lengths, aspect
ratios, and fluids is 10−15 m3/Pa. When considering a single chip design, the ca-
pacitance decreased with an increasing height-to-width ratio (i.e. for more square
cross-sections). However, the overall trend is more significant with respect to the
channel length. Longer channel lengths result in decrease capacitance.
A critical overview of the system (Chapter 9) assesses each component to better
inform future developments towards an automated standalone platform. The two
key components to target for a standalone system are the feedback and the actua-
tion. The microscope and camera are bulky and expensive while a lensless system
is small and affordable. Another main obstacle is the pressure pump that requires a
pressurized air supply. Instead, smaller pumps that compress the air in addition to
regulating the output would be beneficial for a standalone system.
10.2 Original contribution
The original contribution of this thesis is both technological and knowledge-based.
The semi-automated control enables more accurate and repeatable droplet manipula-
tions. µPump provides users with a cheaper and more flexible actuation alternative
that nonetheless performs comparatively as well as premium commercial systems.
The open-source system is widely available and is suitable for passive and active
microfluidic usage. The critical overview aims to inform the future technological
development to achieve a fully automated standalone modular platform.
Issues restricting the accessibility of microfluidics by end-users are better under-
stood as a result of the knowledge-based contributions. The air tubing dynamics
are expressed using a simple first-order model. The quantification enables users to
assess whether they should neglect the dynamics. Similarly, the microfluidic chip
compliance quantification enables users to determine whether they should consider
the deformation of the material. The tubing dynamics and microfluidic chip com-
pliance both improve the model accuracy. The droplet resistance investigation using
system identification directly benefits from a more accurate model. Moreover, a
better understanding of the dynamic behaviour of the pressure-driven microfluidic
system is beneficial for all active microfluidics.
The vision is to make microfluidic more accessible for end-users by developing
an automated standalone platform. Nonetheless, the major stepping stones promote
accessibility by solving financial and knowledge-based issues for end-users. The im-
pact is wider than the development of the modular platform: researchers have access
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to more affordable pressure pumps, the dynamics of the air tubing is modelled us-
ing a simple and easy-to-understand model, and the microfluidic chip compliance is
experimentally quantified to better understand its importance.
10.3 Future work
The concrete next steps for the development of a fully automated standalone modu-
lar platform include various parts of the system. The semi-automated manipulation
should be linked together through an automated algorithm. A standalone feed-
back method independent of the expensive and bulky microscope and camera combo
should be developed. The droplet resistance study should be furthered with an
improved model considering the air tubing, material compliance, sample tubing dy-
namics, and improved identifiability analysis. These findings should be summarised
in a validated and simple model of the system.
From a wider point of view, future work should continue to strive for independent
use by end-users. Accessibility should be promoted from multiple angles. First of
all, the development should focus on a feedback system independent of the bulk and
expensive microscope and scientific camera. Then, the pressure actuation should be
moved away from the required pressurized air supply to a standalone unit; for exam-
ple, miniature pressure pumps pressurize air within the unit. The standalone system
could be used by the wider microfluidic community. Moreover, a benchtop system
could have the potential for commercialization. The PDMS chips are ubiquitous in
the research laboratories for quick iteration. However, unsuitable properties such as
unstable surface wetting, porosity, and compliance indicate that an alternative–or at
the least, an improvement–to PDMS microfluidic chip is necessary. The microfluidic
cartridge should be manufactured cheaply and provide stable wetting conditions.
The active droplet control platform is flexible. The T-junction is multiplexed by
enabling many different manipulations to occur with the same geometry. Thus, the
chip can be universal and would not require frequent iterative design. Finally, the
implementation of fully automated droplet procedures would enable end-users to by-
pass the microfluidic knowledge burden. Once microfluidic tools are in the hands
of end-users, the impact of the application would grow significantly while leveraging
the advantages of droplet flow at the micrometre scale: shorter reaction times, lower
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and Springer Nature Customer Service Centre GmbH (the Licensor). By clicking
'accept' and completing the transaction for the material (Licensed Material), you also
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1. Grant of License 
1. 1. The Licensor grants you a personal, non-exclusive, non-transferable, world-wide
licence to reproduce the Licensed Material for the purpose specified in your order
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1. 2. The Licensor warrants that it has, to the best of its knowledge, the rights to
license reuse of the Licensed Material. However, you should ensure that the material
you are requesting is original to the Licensor and does not carry the copyright of
another entity (as credited in the published version). 
1. 3. If the credit line on any part of the material you have requested indicates that it
was reprinted or adapted with permission from another source, then you should also
seek permission from that source to reuse the material. 
2. Scope of Licence 
2. 1. You may only use the Licensed Content in the manner and to the extent permitted
by these Ts&Cs and any applicable laws. 
2. 2. A separate licence may be required for any additional use of the Licensed
Material, e.g. where a licence has been purchased for print only use, separate
permission must be obtained for electronic re-use. Similarly, a licence is only valid in
the language selected and does not apply for editions in other languages unless
additional translation rights have been granted separately in the licence. Any content
owned by third parties are expressly excluded from the licence. 
2. 3. Similarly, rights for additional components such as custom editions and




2. 4. Where permission has been granted free of charge for material in print,
permission may also be granted for any electronic version of that work, provided that
the material is incidental to your work as a whole and that the electronic version is
essentially equivalent to, or substitutes for, the print version. 
2. 5. An alternative scope of licence may apply to signatories of the STM Permissions
Guidelines, as amended from time to time. 
3. Duration of Licence 
3. 1. A licence for is valid from the date of purchase ('Licence Date') at the end of the
relevant period in the below table: 
Scope of Licence Duration of Licence
Post on a website 12 months
Presentations 12 months
Books and journals Lifetime of the edition in the language purchased
4. Acknowledgement 
4. 1. The Licensor's permission must be acknowledged next to the Licenced Material in
print. In electronic form, this acknowledgement must be visible at the same time as the
figures/tables/illustrations or abstract, and must be hyperlinked to the journal/book's
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5. Restrictions on use 
5. 1. Use of the Licensed Material may be permitted for incidental promotional use and
minor editing privileges e.g. minor adaptations of single figures, changes of format,
colour and/or style where the adaptation is credited as set out in Appendix 1 below. Any
other changes including but not limited to, cropping, adapting, omitting material that
affect the meaning, intention or moral rights of the author are strictly prohibited.  
5. 2. You must not use any Licensed Material as part of any design or trademark.  
5. 3. Licensed Material may be used in Open Access Publications (OAP) before
publication by Springer Nature, but any Licensed Material must be removed from OAP
sites prior to final publication. 
6. Ownership of Rights 
6. 1. Licensed Material remains the property of either Licensor or the relevant third party
and any rights not explicitly granted herein are expressly reserved.  
7. Warranty 
IN NO EVENT SHALL LICENSOR BE LIABLE TO YOU OR ANY OTHER PARTY OR
ANY OTHER PERSON OR FOR ANY SPECIAL, CONSEQUENTIAL, INCIDENTAL
OR INDIRECT DAMAGES, HOWEVER CAUSED, ARISING OUT OF OR IN
CONNECTION WITH THE DOWNLOADING, VIEWING OR USE OF THE
MATERIALS REGARDLESS OF THE FORM OF ACTION, WHETHER FOR BREACH
OF CONTRACT, BREACH OF WARRANTY, TORT, NEGLIGENCE, INFRINGEMENT
OR OTHERWISE (INCLUDING, WITHOUT LIMITATION, DAMAGES BASED ON
LOSS OF PROFITS, DATA, FILES, USE, BUSINESS OPPORTUNITY OR CLAIMS OF
THIRD PARTIES), AND 
WHETHER OR NOT THE PARTY HAS BEEN ADVISED OF THE POSSIBILITY OF
SUCH DAMAGES. THIS LIMITATION SHALL APPLY NOTWITHSTANDING ANY
FAILURE OF ESSENTIAL PURPOSE OF ANY LIMITED REMEDY PROVIDED
HEREIN.  
8. Limitations 
8. 1. BOOKS ONLY:Where 'reuse in a dissertation/thesis' has been selected the
following terms apply: Print rights of the final author's accepted manuscript (for clarity,
NOT the published version) for up to 100 copies, electronic rights for use only on a
personal website or institutional repository as defined by the Sherpa guideline
(www.sherpa.ac.uk/romeo/).
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9. Termination and Cancellation 
9. 1. Licences will expire after the period shown in Clause 3 (above). 
9. 2. Licensee reserves the right to terminate the Licence in the event that payment is not
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"Work(s)"). Copyright Clearance Center, Inc. ("CCC") grants licenses through the Service on behalf of the
rightsholder identi ed on the Order Con rmation (the "Rightsholder"). "Republication", as used herein, generally
means the inclusion of a Work, in whole or in part, in a new work or works, also as described on the Order
Con rmation. "User", as used herein, means the person or entity making such republication.
2. The terms set forth in the relevant Order Con rmation, and any terms set by the Rightsholder with respect to a
particular Work, govern the terms of use of Works in connection with the Service. By using the Service, the person
transacting for a republication license on behalf of the User represents and warrants that he/she/it (a) has been
duly authorized by the User to accept, and hereby does accept, all such terms and conditions on behalf of User,
and (b) shall inform User of all such terms and conditions. In the event such person is a "freelancer" or other third
party independent of User and CCC, such party shall be deemed jointly a "User" for purposes of these terms and
conditions. In any event, User shall be deemed to have accepted and agreed to all such terms and conditions if
User republishes the Work in any fashion.
3. Scope of License; Limitations and Obligations.
3.1. All Works and all rights therein, including copyright rights, remain the sole and exclusive property of the
Rightsholder. The license created by the exchange of an Order Con rmation (and/or any invoice) and
payment by User of the full amount set forth on that document includes only those rights expressly set
forth in the Order Con rmation and in these terms and conditions, and conveys no other rights in the
Work(s) to User. All rights not expressly granted are hereby reserved.
3.2. General Payment Terms: You may pay by credit card or through an account with us payable at the end of
the month. If you and we agree that you may establish a standing account with CCC, then the following
terms apply: Remit Payment to: Copyright Clearance Center, 29118 Network Place, Chicago, IL 60673-1291.
Payments Due: Invoices are payable upon their delivery to you (or upon our notice to you that they are
available to you for downloading). After 30 days, outstanding amounts will be subject to a service charge
of 1-1/2% per month or, if less, the maximum rate allowed by applicable law. Unless otherwise speci cally
set forth in the Order Con rmation or in a separate written agreement signed by CCC, invoices are due
and payable on "net 30" terms. While User may exercise the rights licensed immediately upon issuance of
the Order Con rmation, the license is automatically revoked and is null and void, as if it had never been
issued, if complete payment for the license is not received on a timely basis either from User directly or
through a payment agent, such as a credit card company.
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3.3. Unless otherwise provided in the Order Con rmation, any grant of rights to User (i) is "one-time" (including
the editions and product family speci ed in the license), (ii) is non-exclusive and non-transferable and (iii)
is subject to any and all limitations and restrictions (such as, but not limited to, limitations on duration of
use or circulation) included in the Order Con rmation or invoice and/or in these terms and conditions.
Upon completion of the licensed use, User shall either secure a new permission for further use of the
Work(s) or immediately cease any new use of the Work(s) and shall render inaccessible (such as by
deleting or by removing or severing links or other locators) any further copies of the Work (except for
copies printed on paper in accordance with this license and still in User's stock at the end of such period).
3.4. In the event that the material for which a republication license is sought includes third party materials
(such as photographs, illustrations, graphs, inserts and similar materials) which are identi ed in such
material as having been used by permission, User is responsible for identifying, and seeking separate
licenses (under this Service or otherwise) for, any of such third party materials; without a separate license,
such third party materials may not be used.
3.5. Use of proper copyright notice for a Work is required as a condition of any license granted under the
Service. Unless otherwise provided in the Order Con rmation, a proper copyright notice will read
substantially as follows: "Republished with permission of [Rightsholder's name], from [Work's title, author,
volume, edition number and year of copyright]; permission conveyed through Copyright Clearance Center,
Inc. " Such notice must be provided in a reasonably legible font size and must be placed either
immediately adjacent to the Work as used (for example, as part of a by-line or footnote but not as a
separate electronic link) or in the place where substantially all other credits or notices for the new work
containing the republished Work are located. Failure to include the required notice results in loss to the
Rightsholder and CCC, and the User shall be liable to pay liquidated damages for each such failure equal
to twice the use fee speci ed in the Order Con rmation, in addition to the use fee itself and any other fees
and charges speci ed.
3.6. User may only make alterations to the Work if and as expressly set forth in the Order Con rmation. No
Work may be used in any way that is defamatory, violates the rights of third parties (including such third
parties' rights of copyright, privacy, publicity, or other tangible or intangible property), or is otherwise
illegal, sexually explicit or obscene. In addition, User may not conjoin a Work with any other material that
may result in damage to the reputation of the Rightsholder. User agrees to inform CCC if it becomes aware
of any infringement of any rights in a Work and to cooperate with any reasonable request of CCC or the
Rightsholder in connection therewith.
4. Indemnity. User hereby indemni es and agrees to defend the Rightsholder and CCC, and their respective
employees and directors, against all claims, liability, damages, costs and expenses, including legal fees and
expenses, arising out of any use of a Work beyond the scope of the rights granted herein, or any use of a Work
which has been altered in any unauthorized way by User, including claims of defamation or infringement of rights
of copyright, publicity, privacy or other tangible or intangible property.
5. Limitation of Liability. UNDER NO CIRCUMSTANCES WILL CCC OR THE RIGHTSHOLDER BE LIABLE FOR ANY DIRECT,
INDIRECT, CONSEQUENTIAL OR INCIDENTAL DAMAGES (INCLUDING WITHOUT LIMITATION DAMAGES FOR LOSS OF
BUSINESS PROFITS OR INFORMATION, OR FOR BUSINESS INTERRUPTION) ARISING OUT OF THE USE OR INABILITY
TO USE A WORK, EVEN IF ONE OF THEM HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. In any event,
the total liability of the Rightsholder and CCC (including their respective employees and directors) shall not exceed
the total amount actually paid by User for this license. User assumes full liability for the actions and omissions of
its principals, employees, agents, a liates, successors and assigns.
6.
Limited Warranties. THE WORK(S) AND RIGHT(S) ARE PROVIDED "AS IS". CCC HAS THE RIGHT TO GRANT TO USER
THE RIGHTS GRANTED IN THE ORDER CONFIRMATION DOCUMENT. CCC AND THE RIGHTSHOLDER DISCLAIM ALL
OTHER WARRANTIES RELATING TO THE WORK(S) AND RIGHT(S), EITHER EXPRESS OR IMPLIED, INCLUDING
WITHOUT LIMITATION IMPLIED WARRANTIES OF MERCHANTABILITY OR FITNESS FOR A PARTICULAR PURPOSE.
ADDITIONAL RIGHTS MAY BE REQUIRED TO USE ILLUSTRATIONS, GRAPHS, PHOTOGRAPHS, ABSTRACTS, INSERTS




USER UNDERSTANDS AND AGREES THAT NEITHER CCC NOR THE RIGHTSHOLDER MAY HAVE SUCH ADDITIONAL
RIGHTS TO GRANT.
7. E ect of Breach. Any failure by User to pay any amount when due, or any use by User of a Work beyond the scope
of the license set forth in the Order Con rmation and/or these terms and conditions, shall be a material breach of
the license created by the Order Con rmation and these terms and conditions. Any breach not cured within 30
days of written notice thereof shall result in immediate termination of such license without further notice. Any
unauthorized (but licensable) use of a Work that is terminated immediately upon notice thereof may be liquidated
by payment of the Rightsholder's ordinary license price therefor; any unauthorized (and unlicensable) use that is
not terminated immediately for any reason (including, for example, because materials containing the Work cannot
reasonably be recalled) will be subject to all remedies available at law or in equity, but in no event to a payment of
less than three times the Rightsholder's ordinary license price for the most closely analogous licensable use plus
Rightsholder's and/or CCC's costs and expenses incurred in collecting such payment.
8. Miscellaneous.
8.1. User acknowledges that CCC may, from time to time, make changes or additions to the Service or to these
terms and conditions, and CCC reserves the right to send notice to the User by electronic mail or
otherwise for the purposes of notifying User of such changes or additions; provided that any such changes
or additions shall not apply to permissions already secured and paid for.
8.2. Use of User-related information collected through the Service is governed by CCC's privacy policy,
available online here:https://marketplace.copyright.com/rs-ui-web/mp/privacy-policy
8.3. The licensing transaction described in the Order Con rmation is personal to User. Therefore, User may
not assign or transfer to any other person (whether a natural person or an organization of any kind) the
license created by the Order Con rmation and these terms and conditions or any rights granted
hereunder; provided, however, that User may assign such license in its entirety on written notice to CCC in
the event of a transfer of all or substantially all of User's rights in the new material which includes the
Work(s) licensed under this Service.
8.4. No amendment or waiver of any terms is binding unless set forth in writing and signed by the parties. The
Rightsholder and CCC hereby object to any terms contained in any writing prepared by the User or its
principals, employees, agents or a liates and purporting to govern or otherwise relate to the licensing
transaction described in the Order Con rmation, which terms are in any way inconsistent with any terms
set forth in the Order Con rmation and/or in these terms and conditions or CCC's standard operating
procedures, whether such writing is prepared prior to, simultaneously with or subsequent to the Order
Con rmation, and whether such writing appears on a copy of the Order Con rmation or in a separate
instrument.
8.5. The licensing transaction described in the Order Con rmation document shall be governed by and
construed under the law of the State of New York, USA, without regard to the principles thereof of con icts
of law. Any case, controversy, suit, action, or proceeding arising out of, in connection with, or related to
such licensing transaction shall be brought, at CCC's sole discretion, in any federal or state court located in
the County of New York, State of New York, USA, or in any federal or state court whose geographical
jurisdiction covers the location of the Rightsholder set forth in the Order Con rmation. The parties
expressly submit to the personal jurisdiction and venue of each such federal or state court.If you have any
comments or questions about the Service or Copyright Clearance Center, please contact us at 978-750-
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This is a License Agreement between Marie Hebert ("You") and Royal Society of Chemistry ("Publisher") provided
by Copyright Clearance Center ("CCC"). The license consists of your order details, the terms and conditions
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CCC Republication Terms and Conditions
1. Description of Service; De ned Terms. This Republication License enables the User to obtain licenses for
republication of one or more copyrighted works as described in detail on the relevant Order Con rmation (the
"Work(s)"). Copyright Clearance Center, Inc. ("CCC") grants licenses through the Service on behalf of the
rightsholder identi ed on the Order Con rmation (the "Rightsholder"). "Republication", as used herein, generally
means the inclusion of a Work, in whole or in part, in a new work or works, also as described on the Order
Con rmation. "User", as used herein, means the person or entity making such republication.
2. The terms set forth in the relevant Order Con rmation, and any terms set by the Rightsholder with respect to a
particular Work, govern the terms of use of Works in connection with the Service. By using the Service, the person
transacting for a republication license on behalf of the User represents and warrants that he/she/it (a) has been
duly authorized by the User to accept, and hereby does accept, all such terms and conditions on behalf of User,
and (b) shall inform User of all such terms and conditions. In the event such person is a "freelancer" or other third
party independent of User and CCC, such party shall be deemed jointly a "User" for purposes of these terms and
conditions. In any event, User shall be deemed to have accepted and agreed to all such terms and conditions if
User republishes the Work in any fashion.
3. Scope of License; Limitations and Obligations.
3.1. All Works and all rights therein, including copyright rights, remain the sole and exclusive property of the
Rightsholder. The license created by the exchange of an Order Con rmation (and/or any invoice) and
payment by User of the full amount set forth on that document includes only those rights expressly set
forth in the Order Con rmation and in these terms and conditions, and conveys no other rights in the
Work(s) to User. All rights not expressly granted are hereby reserved.
3.2. General Payment Terms: You may pay by credit card or through an account with us payable at the end of
the month. If you and we agree that you may establish a standing account with CCC, then the following
terms apply: Remit Payment to: Copyright Clearance Center, 29118 Network Place, Chicago, IL 60673-1291.
Payments Due: Invoices are payable upon their delivery to you (or upon our notice to you that they are
available to you for downloading). After 30 days, outstanding amounts will be subject to a service charge
of 1-1/2% per month or, if less, the maximum rate allowed by applicable law. Unless otherwise speci cally
set forth in the Order Con rmation or in a separate written agreement signed by CCC, invoices are due
and payable on "net 30" terms. While User may exercise the rights licensed immediately upon issuance of
the Order Con rmation, the license is automatically revoked and is null and void, as if it had never been
issued, if complete payment for the license is not received on a timely basis either from User directly or
through a payment agent, such as a credit card company.
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3.3. Unless otherwise provided in the Order Con rmation, any grant of rights to User (i) is "one-time" (including
the editions and product family speci ed in the license), (ii) is non-exclusive and non-transferable and (iii)
is subject to any and all limitations and restrictions (such as, but not limited to, limitations on duration of
use or circulation) included in the Order Con rmation or invoice and/or in these terms and conditions.
Upon completion of the licensed use, User shall either secure a new permission for further use of the
Work(s) or immediately cease any new use of the Work(s) and shall render inaccessible (such as by
deleting or by removing or severing links or other locators) any further copies of the Work (except for
copies printed on paper in accordance with this license and still in User's stock at the end of such period).
3.4. In the event that the material for which a republication license is sought includes third party materials
(such as photographs, illustrations, graphs, inserts and similar materials) which are identi ed in such
material as having been used by permission, User is responsible for identifying, and seeking separate
licenses (under this Service or otherwise) for, any of such third party materials; without a separate license,
such third party materials may not be used.
3.5. Use of proper copyright notice for a Work is required as a condition of any license granted under the
Service. Unless otherwise provided in the Order Con rmation, a proper copyright notice will read
substantially as follows: "Republished with permission of [Rightsholder's name], from [Work's title, author,
volume, edition number and year of copyright]; permission conveyed through Copyright Clearance Center,
Inc. " Such notice must be provided in a reasonably legible font size and must be placed either
immediately adjacent to the Work as used (for example, as part of a by-line or footnote but not as a
separate electronic link) or in the place where substantially all other credits or notices for the new work
containing the republished Work are located. Failure to include the required notice results in loss to the
Rightsholder and CCC, and the User shall be liable to pay liquidated damages for each such failure equal
to twice the use fee speci ed in the Order Con rmation, in addition to the use fee itself and any other fees
and charges speci ed.
3.6. User may only make alterations to the Work if and as expressly set forth in the Order Con rmation. No
Work may be used in any way that is defamatory, violates the rights of third parties (including such third
parties' rights of copyright, privacy, publicity, or other tangible or intangible property), or is otherwise
illegal, sexually explicit or obscene. In addition, User may not conjoin a Work with any other material that
may result in damage to the reputation of the Rightsholder. User agrees to inform CCC if it becomes aware
of any infringement of any rights in a Work and to cooperate with any reasonable request of CCC or the
Rightsholder in connection therewith.
4. Indemnity. User hereby indemni es and agrees to defend the Rightsholder and CCC, and their respective
employees and directors, against all claims, liability, damages, costs and expenses, including legal fees and
expenses, arising out of any use of a Work beyond the scope of the rights granted herein, or any use of a Work
which has been altered in any unauthorized way by User, including claims of defamation or infringement of rights
of copyright, publicity, privacy or other tangible or intangible property.
5. Limitation of Liability. UNDER NO CIRCUMSTANCES WILL CCC OR THE RIGHTSHOLDER BE LIABLE FOR ANY DIRECT,
INDIRECT, CONSEQUENTIAL OR INCIDENTAL DAMAGES (INCLUDING WITHOUT LIMITATION DAMAGES FOR LOSS OF
BUSINESS PROFITS OR INFORMATION, OR FOR BUSINESS INTERRUPTION) ARISING OUT OF THE USE OR INABILITY
TO USE A WORK, EVEN IF ONE OF THEM HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. In any event,
the total liability of the Rightsholder and CCC (including their respective employees and directors) shall not exceed
the total amount actually paid by User for this license. User assumes full liability for the actions and omissions of
its principals, employees, agents, a liates, successors and assigns.
6.
Limited Warranties. THE WORK(S) AND RIGHT(S) ARE PROVIDED "AS IS". CCC HAS THE RIGHT TO GRANT TO USER
THE RIGHTS GRANTED IN THE ORDER CONFIRMATION DOCUMENT. CCC AND THE RIGHTSHOLDER DISCLAIM ALL
OTHER WARRANTIES RELATING TO THE WORK(S) AND RIGHT(S), EITHER EXPRESS OR IMPLIED, INCLUDING
WITHOUT LIMITATION IMPLIED WARRANTIES OF MERCHANTABILITY OR FITNESS FOR A PARTICULAR PURPOSE.
ADDITIONAL RIGHTS MAY BE REQUIRED TO USE ILLUSTRATIONS, GRAPHS, PHOTOGRAPHS, ABSTRACTS, INSERTS




USER UNDERSTANDS AND AGREES THAT NEITHER CCC NOR THE RIGHTSHOLDER MAY HAVE SUCH ADDITIONAL
RIGHTS TO GRANT.
7. E ect of Breach. Any failure by User to pay any amount when due, or any use by User of a Work beyond the scope
of the license set forth in the Order Con rmation and/or these terms and conditions, shall be a material breach of
the license created by the Order Con rmation and these terms and conditions. Any breach not cured within 30
days of written notice thereof shall result in immediate termination of such license without further notice. Any
unauthorized (but licensable) use of a Work that is terminated immediately upon notice thereof may be liquidated
by payment of the Rightsholder's ordinary license price therefor; any unauthorized (and unlicensable) use that is
not terminated immediately for any reason (including, for example, because materials containing the Work cannot
reasonably be recalled) will be subject to all remedies available at law or in equity, but in no event to a payment of
less than three times the Rightsholder's ordinary license price for the most closely analogous licensable use plus
Rightsholder's and/or CCC's costs and expenses incurred in collecting such payment.
8. Miscellaneous.
8.1. User acknowledges that CCC may, from time to time, make changes or additions to the Service or to these
terms and conditions, and CCC reserves the right to send notice to the User by electronic mail or
otherwise for the purposes of notifying User of such changes or additions; provided that any such changes
or additions shall not apply to permissions already secured and paid for.
8.2. Use of User-related information collected through the Service is governed by CCC's privacy policy,
available online here:https://marketplace.copyright.com/rs-ui-web/mp/privacy-policy
8.3. The licensing transaction described in the Order Con rmation is personal to User. Therefore, User may
not assign or transfer to any other person (whether a natural person or an organization of any kind) the
license created by the Order Con rmation and these terms and conditions or any rights granted
hereunder; provided, however, that User may assign such license in its entirety on written notice to CCC in
the event of a transfer of all or substantially all of User's rights in the new material which includes the
Work(s) licensed under this Service.
8.4. No amendment or waiver of any terms is binding unless set forth in writing and signed by the parties. The
Rightsholder and CCC hereby object to any terms contained in any writing prepared by the User or its
principals, employees, agents or a liates and purporting to govern or otherwise relate to the licensing
transaction described in the Order Con rmation, which terms are in any way inconsistent with any terms
set forth in the Order Con rmation and/or in these terms and conditions or CCC's standard operating
procedures, whether such writing is prepared prior to, simultaneously with or subsequent to the Order
Con rmation, and whether such writing appears on a copy of the Order Con rmation or in a separate
instrument.
8.5. The licensing transaction described in the Order Con rmation document shall be governed by and
construed under the law of the State of New York, USA, without regard to the principles thereof of con icts
of law. Any case, controversy, suit, action, or proceeding arising out of, in connection with, or related to
such licensing transaction shall be brought, at CCC's sole discretion, in any federal or state court located in
the County of New York, State of New York, USA, or in any federal or state court whose geographical
jurisdiction covers the location of the Rightsholder set forth in the Order Con rmation. The parties
expressly submit to the personal jurisdiction and venue of each such federal or state court.If you have any
comments or questions about the Service or Copyright Clearance Center, please contact us at 978-750-
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CCC Republication Terms and Conditions
1. Description of Service; De ned Terms. This Republication License enables the User to obtain licenses for
republication of one or more copyrighted works as described in detail on the relevant Order Con rmation (the
"Work(s)"). Copyright Clearance Center, Inc. ("CCC") grants licenses through the Service on behalf of the
rightsholder identi ed on the Order Con rmation (the "Rightsholder"). "Republication", as used herein, generally
means the inclusion of a Work, in whole or in part, in a new work or works, also as described on the Order
Con rmation. "User", as used herein, means the person or entity making such republication.
2. The terms set forth in the relevant Order Con rmation, and any terms set by the Rightsholder with respect to a
particular Work, govern the terms of use of Works in connection with the Service. By using the Service, the person
transacting for a republication license on behalf of the User represents and warrants that he/she/it (a) has been
duly authorized by the User to accept, and hereby does accept, all such terms and conditions on behalf of User,
and (b) shall inform User of all such terms and conditions. In the event such person is a "freelancer" or other third
party independent of User and CCC, such party shall be deemed jointly a "User" for purposes of these terms and
conditions. In any event, User shall be deemed to have accepted and agreed to all such terms and conditions if
User republishes the Work in any fashion.
3. Scope of License; Limitations and Obligations.
3.1. All Works and all rights therein, including copyright rights, remain the sole and exclusive property of the
Rightsholder. The license created by the exchange of an Order Con rmation (and/or any invoice) and
payment by User of the full amount set forth on that document includes only those rights expressly set
forth in the Order Con rmation and in these terms and conditions, and conveys no other rights in the
Work(s) to User. All rights not expressly granted are hereby reserved.
3.2. General Payment Terms: You may pay by credit card or through an account with us payable at the end of
the month. If you and we agree that you may establish a standing account with CCC, then the following
terms apply: Remit Payment to: Copyright Clearance Center, 29118 Network Place, Chicago, IL 60673-1291.
Payments Due: Invoices are payable upon their delivery to you (or upon our notice to you that they are
available to you for downloading). After 30 days, outstanding amounts will be subject to a service charge
of 1-1/2% per month or, if less, the maximum rate allowed by applicable law. Unless otherwise speci cally
set forth in the Order Con rmation or in a separate written agreement signed by CCC, invoices are due
and payable on "net 30" terms. While User may exercise the rights licensed immediately upon issuance of
the Order Con rmation, the license is automatically revoked and is null and void, as if it had never been
issued, if complete payment for the license is not received on a timely basis either from User directly or
through a payment agent, such as a credit card company.
3.3.
Unless otherwise provided in the Order Con rmation, any grant of rights to User (i) is "one-time" (including
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the editions and product family speci ed in the license), (ii) is non-exclusive and non-transferable and (iii)
is subject to any and all limitations and restrictions (such as, but not limited to, limitations on duration of
use or circulation) included in the Order Con rmation or invoice and/or in these terms and conditions.
Upon completion of the licensed use, User shall either secure a new permission for further use of the
Work(s) or immediately cease any new use of the Work(s) and shall render inaccessible (such as by
deleting or by removing or severing links or other locators) any further copies of the Work (except for
copies printed on paper in accordance with this license and still in User's stock at the end of such period).
3.4. In the event that the material for which a republication license is sought includes third party materials
(such as photographs, illustrations, graphs, inserts and similar materials) which are identi ed in such
material as having been used by permission, User is responsible for identifying, and seeking separate
licenses (under this Service or otherwise) for, any of such third party materials; without a separate license,
such third party materials may not be used.
3.5. Use of proper copyright notice for a Work is required as a condition of any license granted under the
Service. Unless otherwise provided in the Order Con rmation, a proper copyright notice will read
substantially as follows: "Republished with permission of [Rightsholder's name], from [Work's title, author,
volume, edition number and year of copyright]; permission conveyed through Copyright Clearance Center,
Inc. " Such notice must be provided in a reasonably legible font size and must be placed either
immediately adjacent to the Work as used (for example, as part of a by-line or footnote but not as a
separate electronic link) or in the place where substantially all other credits or notices for the new work
containing the republished Work are located. Failure to include the required notice results in loss to the
Rightsholder and CCC, and the User shall be liable to pay liquidated damages for each such failure equal
to twice the use fee speci ed in the Order Con rmation, in addition to the use fee itself and any other fees
and charges speci ed.
3.6. User may only make alterations to the Work if and as expressly set forth in the Order Con rmation. No
Work may be used in any way that is defamatory, violates the rights of third parties (including such third
parties' rights of copyright, privacy, publicity, or other tangible or intangible property), or is otherwise
illegal, sexually explicit or obscene. In addition, User may not conjoin a Work with any other material that
may result in damage to the reputation of the Rightsholder. User agrees to inform CCC if it becomes aware
of any infringement of any rights in a Work and to cooperate with any reasonable request of CCC or the
Rightsholder in connection therewith.
4. Indemnity. User hereby indemni es and agrees to defend the Rightsholder and CCC, and their respective
employees and directors, against all claims, liability, damages, costs and expenses, including legal fees and
expenses, arising out of any use of a Work beyond the scope of the rights granted herein, or any use of a Work
which has been altered in any unauthorized way by User, including claims of defamation or infringement of rights
of copyright, publicity, privacy or other tangible or intangible property.
5. Limitation of Liability. UNDER NO CIRCUMSTANCES WILL CCC OR THE RIGHTSHOLDER BE LIABLE FOR ANY DIRECT,
INDIRECT, CONSEQUENTIAL OR INCIDENTAL DAMAGES (INCLUDING WITHOUT LIMITATION DAMAGES FOR LOSS OF
BUSINESS PROFITS OR INFORMATION, OR FOR BUSINESS INTERRUPTION) ARISING OUT OF THE USE OR INABILITY
TO USE A WORK, EVEN IF ONE OF THEM HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. In any event,
the total liability of the Rightsholder and CCC (including their respective employees and directors) shall not exceed
the total amount actually paid by User for this license. User assumes full liability for the actions and omissions of
its principals, employees, agents, a liates, successors and assigns.
6.
Limited Warranties. THE WORK(S) AND RIGHT(S) ARE PROVIDED "AS IS". CCC HAS THE RIGHT TO GRANT TO USER
THE RIGHTS GRANTED IN THE ORDER CONFIRMATION DOCUMENT. CCC AND THE RIGHTSHOLDER DISCLAIM ALL
OTHER WARRANTIES RELATING TO THE WORK(S) AND RIGHT(S), EITHER EXPRESS OR IMPLIED, INCLUDING
WITHOUT LIMITATION IMPLIED WARRANTIES OF MERCHANTABILITY OR FITNESS FOR A PARTICULAR PURPOSE.
ADDITIONAL RIGHTS MAY BE REQUIRED TO USE ILLUSTRATIONS, GRAPHS, PHOTOGRAPHS, ABSTRACTS, INSERTS
OR OTHER PORTIONS OF THE WORK (AS OPPOSED TO THE ENTIRE WORK) IN A MANNER CONTEMPLATED BY USER;





7. E ect of Breach. Any failure by User to pay any amount when due, or any use by User of a Work beyond the scope
of the license set forth in the Order Con rmation and/or these terms and conditions, shall be a material breach of
the license created by the Order Con rmation and these terms and conditions. Any breach not cured within 30
days of written notice thereof shall result in immediate termination of such license without further notice. Any
unauthorized (but licensable) use of a Work that is terminated immediately upon notice thereof may be liquidated
by payment of the Rightsholder's ordinary license price therefor; any unauthorized (and unlicensable) use that is
not terminated immediately for any reason (including, for example, because materials containing the Work cannot
reasonably be recalled) will be subject to all remedies available at law or in equity, but in no event to a payment of
less than three times the Rightsholder's ordinary license price for the most closely analogous licensable use plus
Rightsholder's and/or CCC's costs and expenses incurred in collecting such payment.
8. Miscellaneous.
8.1. User acknowledges that CCC may, from time to time, make changes or additions to the Service or to these
terms and conditions, and CCC reserves the right to send notice to the User by electronic mail or
otherwise for the purposes of notifying User of such changes or additions; provided that any such changes
or additions shall not apply to permissions already secured and paid for.
8.2. Use of User-related information collected through the Service is governed by CCC's privacy policy,
available online here:https://marketplace.copyright.com/rs-ui-web/mp/privacy-policy
8.3. The licensing transaction described in the Order Con rmation is personal to User. Therefore, User may
not assign or transfer to any other person (whether a natural person or an organization of any kind) the
license created by the Order Con rmation and these terms and conditions or any rights granted
hereunder; provided, however, that User may assign such license in its entirety on written notice to CCC in
the event of a transfer of all or substantially all of User's rights in the new material which includes the
Work(s) licensed under this Service.
8.4. No amendment or waiver of any terms is binding unless set forth in writing and signed by the parties. The
Rightsholder and CCC hereby object to any terms contained in any writing prepared by the User or its
principals, employees, agents or a liates and purporting to govern or otherwise relate to the licensing
transaction described in the Order Con rmation, which terms are in any way inconsistent with any terms
set forth in the Order Con rmation and/or in these terms and conditions or CCC's standard operating
procedures, whether such writing is prepared prior to, simultaneously with or subsequent to the Order
Con rmation, and whether such writing appears on a copy of the Order Con rmation or in a separate
instrument.
8.5. The licensing transaction described in the Order Con rmation document shall be governed by and
construed under the law of the State of New York, USA, without regard to the principles thereof of con icts
of law. Any case, controversy, suit, action, or proceeding arising out of, in connection with, or related to
such licensing transaction shall be brought, at CCC's sole discretion, in any federal or state court located in
the County of New York, State of New York, USA, or in any federal or state court whose geographical
jurisdiction covers the location of the Rightsholder set forth in the Order Con rmation. The parties
expressly submit to the personal jurisdiction and venue of each such federal or state court.If you have any
comments or questions about the Service or Copyright Clearance Center, please contact us at 978-750-
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CCC Republication Terms and Conditions
1. Description of Service; De ned Terms. This Republication License enables the User to obtain licenses for
republication of one or more copyrighted works as described in detail on the relevant Order Con rmation (the
"Work(s)"). Copyright Clearance Center, Inc. ("CCC") grants licenses through the Service on behalf of the
rightsholder identi ed on the Order Con rmation (the "Rightsholder"). "Republication", as used herein, generally
means the inclusion of a Work, in whole or in part, in a new work or works, also as described on the Order
Con rmation. "User", as used herein, means the person or entity making such republication.
2. The terms set forth in the relevant Order Con rmation, and any terms set by the Rightsholder with respect to a
particular Work, govern the terms of use of Works in connection with the Service. By using the Service, the person
transacting for a republication license on behalf of the User represents and warrants that he/she/it (a) has been
duly authorized by the User to accept, and hereby does accept, all such terms and conditions on behalf of User,
and (b) shall inform User of all such terms and conditions. In the event such person is a "freelancer" or other third
party independent of User and CCC, such party shall be deemed jointly a "User" for purposes of these terms and
conditions. In any event, User shall be deemed to have accepted and agreed to all such terms and conditions if
User republishes the Work in any fashion.
3. Scope of License; Limitations and Obligations.
3.1. All Works and all rights therein, including copyright rights, remain the sole and exclusive property of the
Rightsholder. The license created by the exchange of an Order Con rmation (and/or any invoice) and
payment by User of the full amount set forth on that document includes only those rights expressly set
forth in the Order Con rmation and in these terms and conditions, and conveys no other rights in the
Work(s) to User. All rights not expressly granted are hereby reserved.
3.2. General Payment Terms: You may pay by credit card or through an account with us payable at the end of
the month. If you and we agree that you may establish a standing account with CCC, then the following
terms apply: Remit Payment to: Copyright Clearance Center, 29118 Network Place, Chicago, IL 60673-1291.
Payments Due: Invoices are payable upon their delivery to you (or upon our notice to you that they are
available to you for downloading). After 30 days, outstanding amounts will be subject to a service charge
of 1-1/2% per month or, if less, the maximum rate allowed by applicable law. Unless otherwise speci cally
set forth in the Order Con rmation or in a separate written agreement signed by CCC, invoices are due
and payable on "net 30" terms. While User may exercise the rights licensed immediately upon issuance of
the Order Con rmation, the license is automatically revoked and is null and void, as if it had never been
issued, if complete payment for the license is not received on a timely basis either from User directly or
through a payment agent, such as a credit card company.
3.3.
Unless otherwise provided in the Order Con rmation, any grant of rights to User (i) is "one-time" (including
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the editions and product family speci ed in the license), (ii) is non-exclusive and non-transferable and (iii)
is subject to any and all limitations and restrictions (such as, but not limited to, limitations on duration of
use or circulation) included in the Order Con rmation or invoice and/or in these terms and conditions.
Upon completion of the licensed use, User shall either secure a new permission for further use of the
Work(s) or immediately cease any new use of the Work(s) and shall render inaccessible (such as by
deleting or by removing or severing links or other locators) any further copies of the Work (except for
copies printed on paper in accordance with this license and still in User's stock at the end of such period).
3.4. In the event that the material for which a republication license is sought includes third party materials
(such as photographs, illustrations, graphs, inserts and similar materials) which are identi ed in such
material as having been used by permission, User is responsible for identifying, and seeking separate
licenses (under this Service or otherwise) for, any of such third party materials; without a separate license,
such third party materials may not be used.
3.5. Use of proper copyright notice for a Work is required as a condition of any license granted under the
Service. Unless otherwise provided in the Order Con rmation, a proper copyright notice will read
substantially as follows: "Republished with permission of [Rightsholder's name], from [Work's title, author,
volume, edition number and year of copyright]; permission conveyed through Copyright Clearance Center,
Inc. " Such notice must be provided in a reasonably legible font size and must be placed either
immediately adjacent to the Work as used (for example, as part of a by-line or footnote but not as a
separate electronic link) or in the place where substantially all other credits or notices for the new work
containing the republished Work are located. Failure to include the required notice results in loss to the
Rightsholder and CCC, and the User shall be liable to pay liquidated damages for each such failure equal
to twice the use fee speci ed in the Order Con rmation, in addition to the use fee itself and any other fees
and charges speci ed.
3.6. User may only make alterations to the Work if and as expressly set forth in the Order Con rmation. No
Work may be used in any way that is defamatory, violates the rights of third parties (including such third
parties' rights of copyright, privacy, publicity, or other tangible or intangible property), or is otherwise
illegal, sexually explicit or obscene. In addition, User may not conjoin a Work with any other material that
may result in damage to the reputation of the Rightsholder. User agrees to inform CCC if it becomes aware
of any infringement of any rights in a Work and to cooperate with any reasonable request of CCC or the
Rightsholder in connection therewith.
4. Indemnity. User hereby indemni es and agrees to defend the Rightsholder and CCC, and their respective
employees and directors, against all claims, liability, damages, costs and expenses, including legal fees and
expenses, arising out of any use of a Work beyond the scope of the rights granted herein, or any use of a Work
which has been altered in any unauthorized way by User, including claims of defamation or infringement of rights
of copyright, publicity, privacy or other tangible or intangible property.
5. Limitation of Liability. UNDER NO CIRCUMSTANCES WILL CCC OR THE RIGHTSHOLDER BE LIABLE FOR ANY DIRECT,
INDIRECT, CONSEQUENTIAL OR INCIDENTAL DAMAGES (INCLUDING WITHOUT LIMITATION DAMAGES FOR LOSS OF
BUSINESS PROFITS OR INFORMATION, OR FOR BUSINESS INTERRUPTION) ARISING OUT OF THE USE OR INABILITY
TO USE A WORK, EVEN IF ONE OF THEM HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. In any event,
the total liability of the Rightsholder and CCC (including their respective employees and directors) shall not exceed
the total amount actually paid by User for this license. User assumes full liability for the actions and omissions of
its principals, employees, agents, a liates, successors and assigns.
6.
Limited Warranties. THE WORK(S) AND RIGHT(S) ARE PROVIDED "AS IS". CCC HAS THE RIGHT TO GRANT TO USER
THE RIGHTS GRANTED IN THE ORDER CONFIRMATION DOCUMENT. CCC AND THE RIGHTSHOLDER DISCLAIM ALL
OTHER WARRANTIES RELATING TO THE WORK(S) AND RIGHT(S), EITHER EXPRESS OR IMPLIED, INCLUDING
WITHOUT LIMITATION IMPLIED WARRANTIES OF MERCHANTABILITY OR FITNESS FOR A PARTICULAR PURPOSE.
ADDITIONAL RIGHTS MAY BE REQUIRED TO USE ILLUSTRATIONS, GRAPHS, PHOTOGRAPHS, ABSTRACTS, INSERTS
OR OTHER PORTIONS OF THE WORK (AS OPPOSED TO THE ENTIRE WORK) IN A MANNER CONTEMPLATED BY USER;





7. E ect of Breach. Any failure by User to pay any amount when due, or any use by User of a Work beyond the scope
of the license set forth in the Order Con rmation and/or these terms and conditions, shall be a material breach of
the license created by the Order Con rmation and these terms and conditions. Any breach not cured within 30
days of written notice thereof shall result in immediate termination of such license without further notice. Any
unauthorized (but licensable) use of a Work that is terminated immediately upon notice thereof may be liquidated
by payment of the Rightsholder's ordinary license price therefor; any unauthorized (and unlicensable) use that is
not terminated immediately for any reason (including, for example, because materials containing the Work cannot
reasonably be recalled) will be subject to all remedies available at law or in equity, but in no event to a payment of
less than three times the Rightsholder's ordinary license price for the most closely analogous licensable use plus
Rightsholder's and/or CCC's costs and expenses incurred in collecting such payment.
8. Miscellaneous.
8.1. User acknowledges that CCC may, from time to time, make changes or additions to the Service or to these
terms and conditions, and CCC reserves the right to send notice to the User by electronic mail or
otherwise for the purposes of notifying User of such changes or additions; provided that any such changes
or additions shall not apply to permissions already secured and paid for.
8.2. Use of User-related information collected through the Service is governed by CCC's privacy policy,
available online here:https://marketplace.copyright.com/rs-ui-web/mp/privacy-policy
8.3. The licensing transaction described in the Order Con rmation is personal to User. Therefore, User may
not assign or transfer to any other person (whether a natural person or an organization of any kind) the
license created by the Order Con rmation and these terms and conditions or any rights granted
hereunder; provided, however, that User may assign such license in its entirety on written notice to CCC in
the event of a transfer of all or substantially all of User's rights in the new material which includes the
Work(s) licensed under this Service.
8.4. No amendment or waiver of any terms is binding unless set forth in writing and signed by the parties. The
Rightsholder and CCC hereby object to any terms contained in any writing prepared by the User or its
principals, employees, agents or a liates and purporting to govern or otherwise relate to the licensing
transaction described in the Order Con rmation, which terms are in any way inconsistent with any terms
set forth in the Order Con rmation and/or in these terms and conditions or CCC's standard operating
procedures, whether such writing is prepared prior to, simultaneously with or subsequent to the Order
Con rmation, and whether such writing appears on a copy of the Order Con rmation or in a separate
instrument.
8.5. The licensing transaction described in the Order Con rmation document shall be governed by and
construed under the law of the State of New York, USA, without regard to the principles thereof of con icts
of law. Any case, controversy, suit, action, or proceeding arising out of, in connection with, or related to
such licensing transaction shall be brought, at CCC's sole discretion, in any federal or state court located in
the County of New York, State of New York, USA, or in any federal or state court whose geographical
jurisdiction covers the location of the Rightsholder set forth in the Order Con rmation. The parties
expressly submit to the personal jurisdiction and venue of each such federal or state court.If you have any
comments or questions about the Service or Copyright Clearance Center, please contact us at 978-750-
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CCC Republication Terms and Conditions
1. Description of Service; De ned Terms. This Republication License enables the User to obtain licenses for
republication of one or more copyrighted works as described in detail on the relevant Order Con rmation (the
"Work(s)"). Copyright Clearance Center, Inc. ("CCC") grants licenses through the Service on behalf of the
rightsholder identi ed on the Order Con rmation (the "Rightsholder"). "Republication", as used herein, generally
means the inclusion of a Work, in whole or in part, in a new work or works, also as described on the Order
Con rmation. "User", as used herein, means the person or entity making such republication.
2. The terms set forth in the relevant Order Con rmation, and any terms set by the Rightsholder with respect to a
particular Work, govern the terms of use of Works in connection with the Service. By using the Service, the person
transacting for a republication license on behalf of the User represents and warrants that he/she/it (a) has been
duly authorized by the User to accept, and hereby does accept, all such terms and conditions on behalf of User,
and (b) shall inform User of all such terms and conditions. In the event such person is a "freelancer" or other third
party independent of User and CCC, such party shall be deemed jointly a "User" for purposes of these terms and
conditions. In any event, User shall be deemed to have accepted and agreed to all such terms and conditions if
User republishes the Work in any fashion.
3. Scope of License; Limitations and Obligations.
3.1. All Works and all rights therein, including copyright rights, remain the sole and exclusive property of the
Rightsholder. The license created by the exchange of an Order Con rmation (and/or any invoice) and
payment by User of the full amount set forth on that document includes only those rights expressly set
forth in the Order Con rmation and in these terms and conditions, and conveys no other rights in the
Work(s) to User. All rights not expressly granted are hereby reserved.
3.2. General Payment Terms: You may pay by credit card or through an account with us payable at the end of
the month. If you and we agree that you may establish a standing account with CCC, then the following
terms apply: Remit Payment to: Copyright Clearance Center, 29118 Network Place, Chicago, IL 60673-1291.
Payments Due: Invoices are payable upon their delivery to you (or upon our notice to you that they are
available to you for downloading). After 30 days, outstanding amounts will be subject to a service charge
of 1-1/2% per month or, if less, the maximum rate allowed by applicable law. Unless otherwise speci cally
set forth in the Order Con rmation or in a separate written agreement signed by CCC, invoices are due
and payable on "net 30" terms. While User may exercise the rights licensed immediately upon issuance of
the Order Con rmation, the license is automatically revoked and is null and void, as if it had never been
issued, if complete payment for the license is not received on a timely basis either from User directly or
through a payment agent, such as a credit card company.
3.3.
Unless otherwise provided in the Order Con rmation, any grant of rights to User (i) is "one-time" (including





numeric reference of the
portion(s)
Figure 1
Editor of portion(s) N/A
Volume of serial or
monograph
N/A









Author of portion(s) Royal Society of Chemistry
(Great Britain)
Issue, if republishing an








the editions and product family speci ed in the license), (ii) is non-exclusive and non-transferable and (iii)
is subject to any and all limitations and restrictions (such as, but not limited to, limitations on duration of
use or circulation) included in the Order Con rmation or invoice and/or in these terms and conditions.
Upon completion of the licensed use, User shall either secure a new permission for further use of the
Work(s) or immediately cease any new use of the Work(s) and shall render inaccessible (such as by
deleting or by removing or severing links or other locators) any further copies of the Work (except for
copies printed on paper in accordance with this license and still in User's stock at the end of such period).
3.4. In the event that the material for which a republication license is sought includes third party materials
(such as photographs, illustrations, graphs, inserts and similar materials) which are identi ed in such
material as having been used by permission, User is responsible for identifying, and seeking separate
licenses (under this Service or otherwise) for, any of such third party materials; without a separate license,
such third party materials may not be used.
3.5. Use of proper copyright notice for a Work is required as a condition of any license granted under the
Service. Unless otherwise provided in the Order Con rmation, a proper copyright notice will read
substantially as follows: "Republished with permission of [Rightsholder's name], from [Work's title, author,
volume, edition number and year of copyright]; permission conveyed through Copyright Clearance Center,
Inc. " Such notice must be provided in a reasonably legible font size and must be placed either
immediately adjacent to the Work as used (for example, as part of a by-line or footnote but not as a
separate electronic link) or in the place where substantially all other credits or notices for the new work
containing the republished Work are located. Failure to include the required notice results in loss to the
Rightsholder and CCC, and the User shall be liable to pay liquidated damages for each such failure equal
to twice the use fee speci ed in the Order Con rmation, in addition to the use fee itself and any other fees
and charges speci ed.
3.6. User may only make alterations to the Work if and as expressly set forth in the Order Con rmation. No
Work may be used in any way that is defamatory, violates the rights of third parties (including such third
parties' rights of copyright, privacy, publicity, or other tangible or intangible property), or is otherwise
illegal, sexually explicit or obscene. In addition, User may not conjoin a Work with any other material that
may result in damage to the reputation of the Rightsholder. User agrees to inform CCC if it becomes aware
of any infringement of any rights in a Work and to cooperate with any reasonable request of CCC or the
Rightsholder in connection therewith.
4. Indemnity. User hereby indemni es and agrees to defend the Rightsholder and CCC, and their respective
employees and directors, against all claims, liability, damages, costs and expenses, including legal fees and
expenses, arising out of any use of a Work beyond the scope of the rights granted herein, or any use of a Work
which has been altered in any unauthorized way by User, including claims of defamation or infringement of rights
of copyright, publicity, privacy or other tangible or intangible property.
5. Limitation of Liability. UNDER NO CIRCUMSTANCES WILL CCC OR THE RIGHTSHOLDER BE LIABLE FOR ANY DIRECT,
INDIRECT, CONSEQUENTIAL OR INCIDENTAL DAMAGES (INCLUDING WITHOUT LIMITATION DAMAGES FOR LOSS OF
BUSINESS PROFITS OR INFORMATION, OR FOR BUSINESS INTERRUPTION) ARISING OUT OF THE USE OR INABILITY
TO USE A WORK, EVEN IF ONE OF THEM HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. In any event,
the total liability of the Rightsholder and CCC (including their respective employees and directors) shall not exceed
the total amount actually paid by User for this license. User assumes full liability for the actions and omissions of
its principals, employees, agents, a liates, successors and assigns.
6.
Limited Warranties. THE WORK(S) AND RIGHT(S) ARE PROVIDED "AS IS". CCC HAS THE RIGHT TO GRANT TO USER
THE RIGHTS GRANTED IN THE ORDER CONFIRMATION DOCUMENT. CCC AND THE RIGHTSHOLDER DISCLAIM ALL
OTHER WARRANTIES RELATING TO THE WORK(S) AND RIGHT(S), EITHER EXPRESS OR IMPLIED, INCLUDING
WITHOUT LIMITATION IMPLIED WARRANTIES OF MERCHANTABILITY OR FITNESS FOR A PARTICULAR PURPOSE.
ADDITIONAL RIGHTS MAY BE REQUIRED TO USE ILLUSTRATIONS, GRAPHS, PHOTOGRAPHS, ABSTRACTS, INSERTS
OR OTHER PORTIONS OF THE WORK (AS OPPOSED TO THE ENTIRE WORK) IN A MANNER CONTEMPLATED BY USER;





7. E ect of Breach. Any failure by User to pay any amount when due, or any use by User of a Work beyond the scope
of the license set forth in the Order Con rmation and/or these terms and conditions, shall be a material breach of
the license created by the Order Con rmation and these terms and conditions. Any breach not cured within 30
days of written notice thereof shall result in immediate termination of such license without further notice. Any
unauthorized (but licensable) use of a Work that is terminated immediately upon notice thereof may be liquidated
by payment of the Rightsholder's ordinary license price therefor; any unauthorized (and unlicensable) use that is
not terminated immediately for any reason (including, for example, because materials containing the Work cannot
reasonably be recalled) will be subject to all remedies available at law or in equity, but in no event to a payment of
less than three times the Rightsholder's ordinary license price for the most closely analogous licensable use plus
Rightsholder's and/or CCC's costs and expenses incurred in collecting such payment.
8. Miscellaneous.
8.1. User acknowledges that CCC may, from time to time, make changes or additions to the Service or to these
terms and conditions, and CCC reserves the right to send notice to the User by electronic mail or
otherwise for the purposes of notifying User of such changes or additions; provided that any such changes
or additions shall not apply to permissions already secured and paid for.
8.2. Use of User-related information collected through the Service is governed by CCC's privacy policy,
available online here:https://marketplace.copyright.com/rs-ui-web/mp/privacy-policy
8.3. The licensing transaction described in the Order Con rmation is personal to User. Therefore, User may
not assign or transfer to any other person (whether a natural person or an organization of any kind) the
license created by the Order Con rmation and these terms and conditions or any rights granted
hereunder; provided, however, that User may assign such license in its entirety on written notice to CCC in
the event of a transfer of all or substantially all of User's rights in the new material which includes the
Work(s) licensed under this Service.
8.4. No amendment or waiver of any terms is binding unless set forth in writing and signed by the parties. The
Rightsholder and CCC hereby object to any terms contained in any writing prepared by the User or its
principals, employees, agents or a liates and purporting to govern or otherwise relate to the licensing
transaction described in the Order Con rmation, which terms are in any way inconsistent with any terms
set forth in the Order Con rmation and/or in these terms and conditions or CCC's standard operating
procedures, whether such writing is prepared prior to, simultaneously with or subsequent to the Order
Con rmation, and whether such writing appears on a copy of the Order Con rmation or in a separate
instrument.
8.5. The licensing transaction described in the Order Con rmation document shall be governed by and
construed under the law of the State of New York, USA, without regard to the principles thereof of con icts
of law. Any case, controversy, suit, action, or proceeding arising out of, in connection with, or related to
such licensing transaction shall be brought, at CCC's sole discretion, in any federal or state court located in
the County of New York, State of New York, USA, or in any federal or state court whose geographical
jurisdiction covers the location of the Rightsholder set forth in the Order Con rmation. The parties
expressly submit to the personal jurisdiction and venue of each such federal or state court.If you have any
comments or questions about the Service or Copyright Clearance Center, please contact us at 978-750-
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PUBLISHER TERMS AND CONDITIONS
Out of Copyright - any journal requested with a Publication date older than 70 years.
CCC Republication Terms and Conditions
1. Description of Service; De ned Terms. This Republication License enables the User to obtain licenses for
republication of one or more copyrighted works as described in detail on the relevant Order Con rmation (the
"Work(s)"). Copyright Clearance Center, Inc. ("CCC") grants licenses through the Service on behalf of the
rightsholder identi ed on the Order Con rmation (the "Rightsholder"). "Republication", as used herein, generally
means the inclusion of a Work, in whole or in part, in a new work or works, also as described on the Order
Con rmation. "User", as used herein, means the person or entity making such republication.
2. The terms set forth in the relevant Order Con rmation, and any terms set by the Rightsholder with respect to a
particular Work, govern the terms of use of Works in connection with the Service. By using the Service, the person
transacting for a republication license on behalf of the User represents and warrants that he/she/it (a) has been
duly authorized by the User to accept, and hereby does accept, all such terms and conditions on behalf of User,
and (b) shall inform User of all such terms and conditions. In the event such person is a "freelancer" or other third
party independent of User and CCC, such party shall be deemed jointly a "User" for purposes of these terms and
conditions. In any event, User shall be deemed to have accepted and agreed to all such terms and conditions if
User republishes the Work in any fashion.
3. Scope of License; Limitations and Obligations.
3.1. All Works and all rights therein, including copyright rights, remain the sole and exclusive property of the
Rightsholder. The license created by the exchange of an Order Con rmation (and/or any invoice) and
payment by User of the full amount set forth on that document includes only those rights expressly set
forth in the Order Con rmation and in these terms and conditions, and conveys no other rights in the
Work(s) to User. All rights not expressly granted are hereby reserved.
3.2.
General Payment Terms: You may pay by credit card or through an account with us payable at the end of
the month. If you and we agree that you may establish a standing account with CCC, then the following
terms apply: Remit Payment to: Copyright Clearance Center, 29118 Network Place, Chicago, IL 60673-1291.
Payments Due: Invoices are payable upon their delivery to you (or upon our notice to you that they are
available to you for downloading). After 30 days, outstanding amounts will be subject to a service charge
of 1-1/2% per month or, if less, the maximum rate allowed by applicable law. Unless otherwise speci cally
set forth in the Order Con rmation or in a separate written agreement signed by CCC, invoices are due
and payable on "net 30" terms. While User may exercise the rights licensed immediately upon issuance of
the Order Con rmation, the license is automatically revoked and is null and void, as if it had never been
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issued, if complete payment for the license is not received on a timely basis either from User directly or
through a payment agent, such as a credit card company.
3.3. Unless otherwise provided in the Order Con rmation, any grant of rights to User (i) is "one-time" (including
the editions and product family speci ed in the license), (ii) is non-exclusive and non-transferable and (iii)
is subject to any and all limitations and restrictions (such as, but not limited to, limitations on duration of
use or circulation) included in the Order Con rmation or invoice and/or in these terms and conditions.
Upon completion of the licensed use, User shall either secure a new permission for further use of the
Work(s) or immediately cease any new use of the Work(s) and shall render inaccessible (such as by
deleting or by removing or severing links or other locators) any further copies of the Work (except for
copies printed on paper in accordance with this license and still in User's stock at the end of such period).
3.4. In the event that the material for which a republication license is sought includes third party materials
(such as photographs, illustrations, graphs, inserts and similar materials) which are identi ed in such
material as having been used by permission, User is responsible for identifying, and seeking separate
licenses (under this Service or otherwise) for, any of such third party materials; without a separate license,
such third party materials may not be used.
3.5. Use of proper copyright notice for a Work is required as a condition of any license granted under the
Service. Unless otherwise provided in the Order Con rmation, a proper copyright notice will read
substantially as follows: "Republished with permission of [Rightsholder's name], from [Work's title, author,
volume, edition number and year of copyright]; permission conveyed through Copyright Clearance Center,
Inc. " Such notice must be provided in a reasonably legible font size and must be placed either
immediately adjacent to the Work as used (for example, as part of a by-line or footnote but not as a
separate electronic link) or in the place where substantially all other credits or notices for the new work
containing the republished Work are located. Failure to include the required notice results in loss to the
Rightsholder and CCC, and the User shall be liable to pay liquidated damages for each such failure equal
to twice the use fee speci ed in the Order Con rmation, in addition to the use fee itself and any other fees
and charges speci ed.
3.6. User may only make alterations to the Work if and as expressly set forth in the Order Con rmation. No
Work may be used in any way that is defamatory, violates the rights of third parties (including such third
parties' rights of copyright, privacy, publicity, or other tangible or intangible property), or is otherwise
illegal, sexually explicit or obscene. In addition, User may not conjoin a Work with any other material that
may result in damage to the reputation of the Rightsholder. User agrees to inform CCC if it becomes aware
of any infringement of any rights in a Work and to cooperate with any reasonable request of CCC or the
Rightsholder in connection therewith.
4. Indemnity. User hereby indemni es and agrees to defend the Rightsholder and CCC, and their respective
employees and directors, against all claims, liability, damages, costs and expenses, including legal fees and
expenses, arising out of any use of a Work beyond the scope of the rights granted herein, or any use of a Work
which has been altered in any unauthorized way by User, including claims of defamation or infringement of rights
of copyright, publicity, privacy or other tangible or intangible property.
5. Limitation of Liability. UNDER NO CIRCUMSTANCES WILL CCC OR THE RIGHTSHOLDER BE LIABLE FOR ANY DIRECT,
INDIRECT, CONSEQUENTIAL OR INCIDENTAL DAMAGES (INCLUDING WITHOUT LIMITATION DAMAGES FOR LOSS OF
BUSINESS PROFITS OR INFORMATION, OR FOR BUSINESS INTERRUPTION) ARISING OUT OF THE USE OR INABILITY
TO USE A WORK, EVEN IF ONE OF THEM HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. In any event,
the total liability of the Rightsholder and CCC (including their respective employees and directors) shall not exceed
the total amount actually paid by User for this license. User assumes full liability for the actions and omissions of
its principals, employees, agents, a liates, successors and assigns.
6.
Limited Warranties. THE WORK(S) AND RIGHT(S) ARE PROVIDED "AS IS". CCC HAS THE RIGHT TO GRANT TO USER
THE RIGHTS GRANTED IN THE ORDER CONFIRMATION DOCUMENT. CCC AND THE RIGHTSHOLDER DISCLAIM ALL




WITHOUT LIMITATION IMPLIED WARRANTIES OF MERCHANTABILITY OR FITNESS FOR A PARTICULAR PURPOSE.
ADDITIONAL RIGHTS MAY BE REQUIRED TO USE ILLUSTRATIONS, GRAPHS, PHOTOGRAPHS, ABSTRACTS, INSERTS
OR OTHER PORTIONS OF THE WORK (AS OPPOSED TO THE ENTIRE WORK) IN A MANNER CONTEMPLATED BY USER;
USER UNDERSTANDS AND AGREES THAT NEITHER CCC NOR THE RIGHTSHOLDER MAY HAVE SUCH ADDITIONAL
RIGHTS TO GRANT.
7. E ect of Breach. Any failure by User to pay any amount when due, or any use by User of a Work beyond the scope
of the license set forth in the Order Con rmation and/or these terms and conditions, shall be a material breach of
the license created by the Order Con rmation and these terms and conditions. Any breach not cured within 30
days of written notice thereof shall result in immediate termination of such license without further notice. Any
unauthorized (but licensable) use of a Work that is terminated immediately upon notice thereof may be liquidated
by payment of the Rightsholder's ordinary license price therefor; any unauthorized (and unlicensable) use that is
not terminated immediately for any reason (including, for example, because materials containing the Work cannot
reasonably be recalled) will be subject to all remedies available at law or in equity, but in no event to a payment of
less than three times the Rightsholder's ordinary license price for the most closely analogous licensable use plus
Rightsholder's and/or CCC's costs and expenses incurred in collecting such payment.
8. Miscellaneous.
8.1. User acknowledges that CCC may, from time to time, make changes or additions to the Service or to these
terms and conditions, and CCC reserves the right to send notice to the User by electronic mail or
otherwise for the purposes of notifying User of such changes or additions; provided that any such changes
or additions shall not apply to permissions already secured and paid for.
8.2. Use of User-related information collected through the Service is governed by CCC's privacy policy,
available online here:https://marketplace.copyright.com/rs-ui-web/mp/privacy-policy
8.3. The licensing transaction described in the Order Con rmation is personal to User. Therefore, User may
not assign or transfer to any other person (whether a natural person or an organization of any kind) the
license created by the Order Con rmation and these terms and conditions or any rights granted
hereunder; provided, however, that User may assign such license in its entirety on written notice to CCC in
the event of a transfer of all or substantially all of User's rights in the new material which includes the
Work(s) licensed under this Service.
8.4. No amendment or waiver of any terms is binding unless set forth in writing and signed by the parties. The
Rightsholder and CCC hereby object to any terms contained in any writing prepared by the User or its
principals, employees, agents or a liates and purporting to govern or otherwise relate to the licensing
transaction described in the Order Con rmation, which terms are in any way inconsistent with any terms
set forth in the Order Con rmation and/or in these terms and conditions or CCC's standard operating
procedures, whether such writing is prepared prior to, simultaneously with or subsequent to the Order
Con rmation, and whether such writing appears on a copy of the Order Con rmation or in a separate
instrument.
8.5. The licensing transaction described in the Order Con rmation document shall be governed by and
construed under the law of the State of New York, USA, without regard to the principles thereof of con icts
of law. Any case, controversy, suit, action, or proceeding arising out of, in connection with, or related to
such licensing transaction shall be brought, at CCC's sole discretion, in any federal or state court located in
the County of New York, State of New York, USA, or in any federal or state court whose geographical
jurisdiction covers the location of the Rightsholder set forth in the Order Con rmation. The parties
expressly submit to the personal jurisdiction and venue of each such federal or state court.If you have any
comments or questions about the Service or Copyright Clearance Center, please contact us at 978-750-
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PUBLISHER TERMS AND CONDITIONS
These special terms and conditions are in addition to the standard terms and conditions for CCC’s Republication Service
and, together with those standard terms and conditions, govern the use of the Works. As the User you will make all
reasonable e orts to contact the author(s) of the article which the Work is to be reused from, to seek consent for your
intended use. Contacting one author who is acting expressly as authorised agent for their co-author(s) is acceptable. User
will reproduce the following wording prominently alongside the Work: the source of the Work, including author, article
title, title of journal, volume number, issue number (if relevant), page range (or  rst page if this is the only information
available) and date of  rst publication. This information can be contained in a footnote or reference note; and a link back
to the article (via DOI); and if practicable, and IN ALL CASES for new works published under any of the Creative Commons
licences, the words “© IOP Publishing. Reproduced with permission. All rights reserved” Without the express permission
of the author(s) and the Rightsholder of the article from which the Work is to be reused, User shall not use it in any way
which, in the opinion of the Rightsholder, could: (i) distort or alter the author(s)’ original intention(s) and meaning; (ii) be
prejudicial to the honour or reputation of the author(s); and/or (iii) imply endorsement by the author(s) and/or the
Rightsholder. This licence does not apply to any article which is credited to another source and which does not have the
copyright line ‘© IOP Publishing Ltd’. User must check the copyright line of the article from which the Work is to be reused
to check that IOP Publishing Ltd has all the necessary rights to be able to grant permission. User is solely responsible for
identifying and obtaining separate licences and permissions from the copyright owner for reuse of any such third party
material/ gures which the Rightsholder is not the copyright owner of. The Rightsholder shall not reimburse any fees
which User pays for a republication license for such third party content. This licence does not apply to any material/ gure
which is credited to another source in the Rightsholder’s publication or has been obtained from a third party. User must
check the Version of Record of the article from which the Work is to be reused, to check whether any of the material in the
Work is third party material. Third party citations and/or copyright notices and/or permissions statements may not be
included in any other version of the article from which the Work is to be reused and so cannot be relied upon by the User.
User is solely responsible for identifying and obtaining separate licences and permissions from the copyright owner for
reuse of any such third party material/ gures where the Rightsholder is not the copyright owner. The Rightsholder shall
not reimburse any fees which User pays for a republication license for such third party content. User and CCC
acknowledge that the Rightsholder may, from time to time, make changes or additions to these special terms and
conditions without express noti cation, provided that these shall not apply to permissions already secured and paid for
by User prior to such change or addition. User acknowledges that the Rightsholder (which includes companies within its
group and third parties for whom it publishes its titles) may make use of personal data collected through the service in
the course of their business. If User is the author of the Work, User may automatically have the right to reuse it under the
rights granted back when User transferred the copyright in the article to the Rightsholder. User should check the
copyright form and the relevant author rights policy to check whether permission is required. If User is the author of the
Work and does require permission for proposed reuse of the Work, User should select ‘Author of requested content’ as
the Requestor Type. The Rightsholder shall not reimburse any fees which User pays for a republication license. If User is
the author of the article which User wishes to reuse in User’s thesis or dissertation, the republication licence covers the
right to include the Accepted Manuscript version (not the Version of Record) of the article. User must include citation
details and, for online use, a link to the Version of Record of the article on the Rightsholder’s website. User may need to
obtain separate permission for any third party content included within the article. User must check this with the copyright
owner of such third party content. User may not include the article in a thesis or dissertation which is published by
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ProQuest. Any other commercial use of User’s thesis or dissertation containing the article would also need to be expressly
noti ed in writing to the Rightsholder at the time of request and would require separate written permission from the
Rightsholder. User does not need to request permission for Work which has been published under a CC BY licence. User
must check the Version of Record of the CC BY article from which the Work is to be reused, to check whether any of the
material in the Work is third party material and so not published under the CC BY licence. User is solely responsible for
identifying and obtaining separate licences and permissions from the copyright owner for reuse of any such third party
material/ gures. The Rightsholder shall not reimburse any fees which User pays for such licences and permissions. As
well as CCC, the Rightsholder shall have the right to bring any legal action that it deems necessary to enforce its rights
should it consider that the Work infringes those rights in any way. For STM Signatories ONLY (as agreed as part of the STM
Guidelines) Any licence granted for a particular edition of a Work will apply also to subsequent editions of it and for
editions in other languages, provided such editions are for the Work as a whole in situ and do not involve the separate
exploitation of the permitted illustrations or excerpts.
CCC Republication Terms and Conditions
1. Description of Service; De ned Terms. This Republication License enables the User to obtain licenses for
republication of one or more copyrighted works as described in detail on the relevant Order Con rmation (the
"Work(s)"). Copyright Clearance Center, Inc. ("CCC") grants licenses through the Service on behalf of the
rightsholder identi ed on the Order Con rmation (the "Rightsholder"). "Republication", as used herein, generally
means the inclusion of a Work, in whole or in part, in a new work or works, also as described on the Order
Con rmation. "User", as used herein, means the person or entity making such republication.
2. The terms set forth in the relevant Order Con rmation, and any terms set by the Rightsholder with respect to a
particular Work, govern the terms of use of Works in connection with the Service. By using the Service, the person
transacting for a republication license on behalf of the User represents and warrants that he/she/it (a) has been
duly authorized by the User to accept, and hereby does accept, all such terms and conditions on behalf of User,
and (b) shall inform User of all such terms and conditions. In the event such person is a "freelancer" or other third
party independent of User and CCC, such party shall be deemed jointly a "User" for purposes of these terms and
conditions. In any event, User shall be deemed to have accepted and agreed to all such terms and conditions if
User republishes the Work in any fashion.
3. Scope of License; Limitations and Obligations.
3.1. All Works and all rights therein, including copyright rights, remain the sole and exclusive property of the
Rightsholder. The license created by the exchange of an Order Con rmation (and/or any invoice) and
payment by User of the full amount set forth on that document includes only those rights expressly set
forth in the Order Con rmation and in these terms and conditions, and conveys no other rights in the
Work(s) to User. All rights not expressly granted are hereby reserved.
3.2. General Payment Terms: You may pay by credit card or through an account with us payable at the end of
the month. If you and we agree that you may establish a standing account with CCC, then the following
terms apply: Remit Payment to: Copyright Clearance Center, 29118 Network Place, Chicago, IL 60673-1291.
Payments Due: Invoices are payable upon their delivery to you (or upon our notice to you that they are
available to you for downloading). After 30 days, outstanding amounts will be subject to a service charge
of 1-1/2% per month or, if less, the maximum rate allowed by applicable law. Unless otherwise speci cally
set forth in the Order Con rmation or in a separate written agreement signed by CCC, invoices are due
and payable on "net 30" terms. While User may exercise the rights licensed immediately upon issuance of
the Order Con rmation, the license is automatically revoked and is null and void, as if it had never been
issued, if complete payment for the license is not received on a timely basis either from User directly or
through a payment agent, such as a credit card company.
3.3.
Unless otherwise provided in the Order Con rmation, any grant of rights to User (i) is "one-time" (including
the editions and product family speci ed in the license), (ii) is non-exclusive and non-transferable and (iii)
is subject to any and all limitations and restrictions (such as, but not limited to, limitations on duration of
use or circulation) included in the Order Con rmation or invoice and/or in these terms and conditions.
Upon completion of the licensed use, User shall either secure a new permission for further use of the




deleting or by removing or severing links or other locators) any further copies of the Work (except for
copies printed on paper in accordance with this license and still in User's stock at the end of such period).
3.4. In the event that the material for which a republication license is sought includes third party materials
(such as photographs, illustrations, graphs, inserts and similar materials) which are identi ed in such
material as having been used by permission, User is responsible for identifying, and seeking separate
licenses (under this Service or otherwise) for, any of such third party materials; without a separate license,
such third party materials may not be used.
3.5. Use of proper copyright notice for a Work is required as a condition of any license granted under the
Service. Unless otherwise provided in the Order Con rmation, a proper copyright notice will read
substantially as follows: "Republished with permission of [Rightsholder's name], from [Work's title, author,
volume, edition number and year of copyright]; permission conveyed through Copyright Clearance Center,
Inc. " Such notice must be provided in a reasonably legible font size and must be placed either
immediately adjacent to the Work as used (for example, as part of a by-line or footnote but not as a
separate electronic link) or in the place where substantially all other credits or notices for the new work
containing the republished Work are located. Failure to include the required notice results in loss to the
Rightsholder and CCC, and the User shall be liable to pay liquidated damages for each such failure equal
to twice the use fee speci ed in the Order Con rmation, in addition to the use fee itself and any other fees
and charges speci ed.
3.6. User may only make alterations to the Work if and as expressly set forth in the Order Con rmation. No
Work may be used in any way that is defamatory, violates the rights of third parties (including such third
parties' rights of copyright, privacy, publicity, or other tangible or intangible property), or is otherwise
illegal, sexually explicit or obscene. In addition, User may not conjoin a Work with any other material that
may result in damage to the reputation of the Rightsholder. User agrees to inform CCC if it becomes aware
of any infringement of any rights in a Work and to cooperate with any reasonable request of CCC or the
Rightsholder in connection therewith.
4. Indemnity. User hereby indemni es and agrees to defend the Rightsholder and CCC, and their respective
employees and directors, against all claims, liability, damages, costs and expenses, including legal fees and
expenses, arising out of any use of a Work beyond the scope of the rights granted herein, or any use of a Work
which has been altered in any unauthorized way by User, including claims of defamation or infringement of rights
of copyright, publicity, privacy or other tangible or intangible property.
5. Limitation of Liability. UNDER NO CIRCUMSTANCES WILL CCC OR THE RIGHTSHOLDER BE LIABLE FOR ANY DIRECT,
INDIRECT, CONSEQUENTIAL OR INCIDENTAL DAMAGES (INCLUDING WITHOUT LIMITATION DAMAGES FOR LOSS OF
BUSINESS PROFITS OR INFORMATION, OR FOR BUSINESS INTERRUPTION) ARISING OUT OF THE USE OR INABILITY
TO USE A WORK, EVEN IF ONE OF THEM HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. In any event,
the total liability of the Rightsholder and CCC (including their respective employees and directors) shall not exceed
the total amount actually paid by User for this license. User assumes full liability for the actions and omissions of
its principals, employees, agents, a liates, successors and assigns.
6. Limited Warranties. THE WORK(S) AND RIGHT(S) ARE PROVIDED "AS IS". CCC HAS THE RIGHT TO GRANT TO USER
THE RIGHTS GRANTED IN THE ORDER CONFIRMATION DOCUMENT. CCC AND THE RIGHTSHOLDER DISCLAIM ALL
OTHER WARRANTIES RELATING TO THE WORK(S) AND RIGHT(S), EITHER EXPRESS OR IMPLIED, INCLUDING
WITHOUT LIMITATION IMPLIED WARRANTIES OF MERCHANTABILITY OR FITNESS FOR A PARTICULAR PURPOSE.
ADDITIONAL RIGHTS MAY BE REQUIRED TO USE ILLUSTRATIONS, GRAPHS, PHOTOGRAPHS, ABSTRACTS, INSERTS
OR OTHER PORTIONS OF THE WORK (AS OPPOSED TO THE ENTIRE WORK) IN A MANNER CONTEMPLATED BY USER;
USER UNDERSTANDS AND AGREES THAT NEITHER CCC NOR THE RIGHTSHOLDER MAY HAVE SUCH ADDITIONAL
RIGHTS TO GRANT.
7.
E ect of Breach. Any failure by User to pay any amount when due, or any use by User of a Work beyond the scope
of the license set forth in the Order Con rmation and/or these terms and conditions, shall be a material breach of




days of written notice thereof shall result in immediate termination of such license without further notice. Any
unauthorized (but licensable) use of a Work that is terminated immediately upon notice thereof may be liquidated
by payment of the Rightsholder's ordinary license price therefor; any unauthorized (and unlicensable) use that is
not terminated immediately for any reason (including, for example, because materials containing the Work cannot
reasonably be recalled) will be subject to all remedies available at law or in equity, but in no event to a payment of
less than three times the Rightsholder's ordinary license price for the most closely analogous licensable use plus
Rightsholder's and/or CCC's costs and expenses incurred in collecting such payment.
8. Miscellaneous.
8.1. User acknowledges that CCC may, from time to time, make changes or additions to the Service or to these
terms and conditions, and CCC reserves the right to send notice to the User by electronic mail or
otherwise for the purposes of notifying User of such changes or additions; provided that any such changes
or additions shall not apply to permissions already secured and paid for.
8.2. Use of User-related information collected through the Service is governed by CCC's privacy policy,
available online here:https://marketplace.copyright.com/rs-ui-web/mp/privacy-policy
8.3. The licensing transaction described in the Order Con rmation is personal to User. Therefore, User may
not assign or transfer to any other person (whether a natural person or an organization of any kind) the
license created by the Order Con rmation and these terms and conditions or any rights granted
hereunder; provided, however, that User may assign such license in its entirety on written notice to CCC in
the event of a transfer of all or substantially all of User's rights in the new material which includes the
Work(s) licensed under this Service.
8.4. No amendment or waiver of any terms is binding unless set forth in writing and signed by the parties. The
Rightsholder and CCC hereby object to any terms contained in any writing prepared by the User or its
principals, employees, agents or a liates and purporting to govern or otherwise relate to the licensing
transaction described in the Order Con rmation, which terms are in any way inconsistent with any terms
set forth in the Order Con rmation and/or in these terms and conditions or CCC's standard operating
procedures, whether such writing is prepared prior to, simultaneously with or subsequent to the Order
Con rmation, and whether such writing appears on a copy of the Order Con rmation or in a separate
instrument.
8.5. The licensing transaction described in the Order Con rmation document shall be governed by and
construed under the law of the State of New York, USA, without regard to the principles thereof of con icts
of law. Any case, controversy, suit, action, or proceeding arising out of, in connection with, or related to
such licensing transaction shall be brought, at CCC's sole discretion, in any federal or state court located in
the County of New York, State of New York, USA, or in any federal or state court whose geographical
jurisdiction covers the location of the Rightsholder set forth in the Order Con rmation. The parties
expressly submit to the personal jurisdiction and venue of each such federal or state court.If you have any
comments or questions about the Service or Copyright Clearance Center, please contact us at 978-750-
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CCC Republication Terms and Conditions
1. Description of Service; De ned Terms. This Republication License enables the User to obtain licenses for
republication of one or more copyrighted works as described in detail on the relevant Order Con rmation (the
"Work(s)"). Copyright Clearance Center, Inc. ("CCC") grants licenses through the Service on behalf of the
rightsholder identi ed on the Order Con rmation (the "Rightsholder"). "Republication", as used herein, generally
means the inclusion of a Work, in whole or in part, in a new work or works, also as described on the Order
Con rmation. "User", as used herein, means the person or entity making such republication.
2. The terms set forth in the relevant Order Con rmation, and any terms set by the Rightsholder with respect to a
particular Work, govern the terms of use of Works in connection with the Service. By using the Service, the person
transacting for a republication license on behalf of the User represents and warrants that he/she/it (a) has been
duly authorized by the User to accept, and hereby does accept, all such terms and conditions on behalf of User,
and (b) shall inform User of all such terms and conditions. In the event such person is a "freelancer" or other third
party independent of User and CCC, such party shall be deemed jointly a "User" for purposes of these terms and
conditions. In any event, User shall be deemed to have accepted and agreed to all such terms and conditions if
User republishes the Work in any fashion.
3. Scope of License; Limitations and Obligations.
3.1. All Works and all rights therein, including copyright rights, remain the sole and exclusive property of the
Rightsholder. The license created by the exchange of an Order Con rmation (and/or any invoice) and
payment by User of the full amount set forth on that document includes only those rights expressly set
forth in the Order Con rmation and in these terms and conditions, and conveys no other rights in the
Work(s) to User. All rights not expressly granted are hereby reserved.
3.2. General Payment Terms: You may pay by credit card or through an account with us payable at the end of
the month. If you and we agree that you may establish a standing account with CCC, then the following
terms apply: Remit Payment to: Copyright Clearance Center, 29118 Network Place, Chicago, IL 60673-1291.
Payments Due: Invoices are payable upon their delivery to you (or upon our notice to you that they are
available to you for downloading). After 30 days, outstanding amounts will be subject to a service charge
of 1-1/2% per month or, if less, the maximum rate allowed by applicable law. Unless otherwise speci cally
set forth in the Order Con rmation or in a separate written agreement signed by CCC, invoices are due
and payable on "net 30" terms. While User may exercise the rights licensed immediately upon issuance of
the Order Con rmation, the license is automatically revoked and is null and void, as if it had never been
issued, if complete payment for the license is not received on a timely basis either from User directly or
through a payment agent, such as a credit card company.
3.3.
Unless otherwise provided in the Order Con rmation, any grant of rights to User (i) is "one-time" (including
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the editions and product family speci ed in the license), (ii) is non-exclusive and non-transferable and (iii)
is subject to any and all limitations and restrictions (such as, but not limited to, limitations on duration of
use or circulation) included in the Order Con rmation or invoice and/or in these terms and conditions.
Upon completion of the licensed use, User shall either secure a new permission for further use of the
Work(s) or immediately cease any new use of the Work(s) and shall render inaccessible (such as by
deleting or by removing or severing links or other locators) any further copies of the Work (except for
copies printed on paper in accordance with this license and still in User's stock at the end of such period).
3.4. In the event that the material for which a republication license is sought includes third party materials
(such as photographs, illustrations, graphs, inserts and similar materials) which are identi ed in such
material as having been used by permission, User is responsible for identifying, and seeking separate
licenses (under this Service or otherwise) for, any of such third party materials; without a separate license,
such third party materials may not be used.
3.5. Use of proper copyright notice for a Work is required as a condition of any license granted under the
Service. Unless otherwise provided in the Order Con rmation, a proper copyright notice will read
substantially as follows: "Republished with permission of [Rightsholder's name], from [Work's title, author,
volume, edition number and year of copyright]; permission conveyed through Copyright Clearance Center,
Inc. " Such notice must be provided in a reasonably legible font size and must be placed either
immediately adjacent to the Work as used (for example, as part of a by-line or footnote but not as a
separate electronic link) or in the place where substantially all other credits or notices for the new work
containing the republished Work are located. Failure to include the required notice results in loss to the
Rightsholder and CCC, and the User shall be liable to pay liquidated damages for each such failure equal
to twice the use fee speci ed in the Order Con rmation, in addition to the use fee itself and any other fees
and charges speci ed.
3.6. User may only make alterations to the Work if and as expressly set forth in the Order Con rmation. No
Work may be used in any way that is defamatory, violates the rights of third parties (including such third
parties' rights of copyright, privacy, publicity, or other tangible or intangible property), or is otherwise
illegal, sexually explicit or obscene. In addition, User may not conjoin a Work with any other material that
may result in damage to the reputation of the Rightsholder. User agrees to inform CCC if it becomes aware
of any infringement of any rights in a Work and to cooperate with any reasonable request of CCC or the
Rightsholder in connection therewith.
4. Indemnity. User hereby indemni es and agrees to defend the Rightsholder and CCC, and their respective
employees and directors, against all claims, liability, damages, costs and expenses, including legal fees and
expenses, arising out of any use of a Work beyond the scope of the rights granted herein, or any use of a Work
which has been altered in any unauthorized way by User, including claims of defamation or infringement of rights
of copyright, publicity, privacy or other tangible or intangible property.
5. Limitation of Liability. UNDER NO CIRCUMSTANCES WILL CCC OR THE RIGHTSHOLDER BE LIABLE FOR ANY DIRECT,
INDIRECT, CONSEQUENTIAL OR INCIDENTAL DAMAGES (INCLUDING WITHOUT LIMITATION DAMAGES FOR LOSS OF
BUSINESS PROFITS OR INFORMATION, OR FOR BUSINESS INTERRUPTION) ARISING OUT OF THE USE OR INABILITY
TO USE A WORK, EVEN IF ONE OF THEM HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. In any event,
the total liability of the Rightsholder and CCC (including their respective employees and directors) shall not exceed
the total amount actually paid by User for this license. User assumes full liability for the actions and omissions of
its principals, employees, agents, a liates, successors and assigns.
6.
Limited Warranties. THE WORK(S) AND RIGHT(S) ARE PROVIDED "AS IS". CCC HAS THE RIGHT TO GRANT TO USER
THE RIGHTS GRANTED IN THE ORDER CONFIRMATION DOCUMENT. CCC AND THE RIGHTSHOLDER DISCLAIM ALL
OTHER WARRANTIES RELATING TO THE WORK(S) AND RIGHT(S), EITHER EXPRESS OR IMPLIED, INCLUDING
WITHOUT LIMITATION IMPLIED WARRANTIES OF MERCHANTABILITY OR FITNESS FOR A PARTICULAR PURPOSE.
ADDITIONAL RIGHTS MAY BE REQUIRED TO USE ILLUSTRATIONS, GRAPHS, PHOTOGRAPHS, ABSTRACTS, INSERTS
OR OTHER PORTIONS OF THE WORK (AS OPPOSED TO THE ENTIRE WORK) IN A MANNER CONTEMPLATED BY USER;





7. E ect of Breach. Any failure by User to pay any amount when due, or any use by User of a Work beyond the scope
of the license set forth in the Order Con rmation and/or these terms and conditions, shall be a material breach of
the license created by the Order Con rmation and these terms and conditions. Any breach not cured within 30
days of written notice thereof shall result in immediate termination of such license without further notice. Any
unauthorized (but licensable) use of a Work that is terminated immediately upon notice thereof may be liquidated
by payment of the Rightsholder's ordinary license price therefor; any unauthorized (and unlicensable) use that is
not terminated immediately for any reason (including, for example, because materials containing the Work cannot
reasonably be recalled) will be subject to all remedies available at law or in equity, but in no event to a payment of
less than three times the Rightsholder's ordinary license price for the most closely analogous licensable use plus
Rightsholder's and/or CCC's costs and expenses incurred in collecting such payment.
8. Miscellaneous.
8.1. User acknowledges that CCC may, from time to time, make changes or additions to the Service or to these
terms and conditions, and CCC reserves the right to send notice to the User by electronic mail or
otherwise for the purposes of notifying User of such changes or additions; provided that any such changes
or additions shall not apply to permissions already secured and paid for.
8.2. Use of User-related information collected through the Service is governed by CCC's privacy policy,
available online here:https://marketplace.copyright.com/rs-ui-web/mp/privacy-policy
8.3. The licensing transaction described in the Order Con rmation is personal to User. Therefore, User may
not assign or transfer to any other person (whether a natural person or an organization of any kind) the
license created by the Order Con rmation and these terms and conditions or any rights granted
hereunder; provided, however, that User may assign such license in its entirety on written notice to CCC in
the event of a transfer of all or substantially all of User's rights in the new material which includes the
Work(s) licensed under this Service.
8.4. No amendment or waiver of any terms is binding unless set forth in writing and signed by the parties. The
Rightsholder and CCC hereby object to any terms contained in any writing prepared by the User or its
principals, employees, agents or a liates and purporting to govern or otherwise relate to the licensing
transaction described in the Order Con rmation, which terms are in any way inconsistent with any terms
set forth in the Order Con rmation and/or in these terms and conditions or CCC's standard operating
procedures, whether such writing is prepared prior to, simultaneously with or subsequent to the Order
Con rmation, and whether such writing appears on a copy of the Order Con rmation or in a separate
instrument.
8.5. The licensing transaction described in the Order Con rmation document shall be governed by and
construed under the law of the State of New York, USA, without regard to the principles thereof of con icts
of law. Any case, controversy, suit, action, or proceeding arising out of, in connection with, or related to
such licensing transaction shall be brought, at CCC's sole discretion, in any federal or state court located in
the County of New York, State of New York, USA, or in any federal or state court whose geographical
jurisdiction covers the location of the Rightsholder set forth in the Order Con rmation. The parties
expressly submit to the personal jurisdiction and venue of each such federal or state court.If you have any
comments or questions about the Service or Copyright Clearance Center, please contact us at 978-750-
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CCC Republication Terms and Conditions
1. Description of Service; De ned Terms. This Republication License enables the User to obtain licenses for
republication of one or more copyrighted works as described in detail on the relevant Order Con rmation (the
"Work(s)"). Copyright Clearance Center, Inc. ("CCC") grants licenses through the Service on behalf of the
rightsholder identi ed on the Order Con rmation (the "Rightsholder"). "Republication", as used herein, generally
means the inclusion of a Work, in whole or in part, in a new work or works, also as described on the Order
Con rmation. "User", as used herein, means the person or entity making such republication.
2. The terms set forth in the relevant Order Con rmation, and any terms set by the Rightsholder with respect to a
particular Work, govern the terms of use of Works in connection with the Service. By using the Service, the person
transacting for a republication license on behalf of the User represents and warrants that he/she/it (a) has been
duly authorized by the User to accept, and hereby does accept, all such terms and conditions on behalf of User,
and (b) shall inform User of all such terms and conditions. In the event such person is a "freelancer" or other third
party independent of User and CCC, such party shall be deemed jointly a "User" for purposes of these terms and
conditions. In any event, User shall be deemed to have accepted and agreed to all such terms and conditions if
User republishes the Work in any fashion.
3. Scope of License; Limitations and Obligations.
3.1. All Works and all rights therein, including copyright rights, remain the sole and exclusive property of the
Rightsholder. The license created by the exchange of an Order Con rmation (and/or any invoice) and
payment by User of the full amount set forth on that document includes only those rights expressly set
forth in the Order Con rmation and in these terms and conditions, and conveys no other rights in the
Work(s) to User. All rights not expressly granted are hereby reserved.
3.2.
General Payment Terms: You may pay by credit card or through an account with us payable at the end of
the month. If you and we agree that you may establish a standing account with CCC, then the following
terms apply: Remit Payment to: Copyright Clearance Center, 29118 Network Place, Chicago, IL 60673-1291.
Payments Due: Invoices are payable upon their delivery to you (or upon our notice to you that they are
available to you for downloading). After 30 days, outstanding amounts will be subject to a service charge
of 1-1/2% per month or, if less, the maximum rate allowed by applicable law. Unless otherwise speci cally
set forth in the Order Con rmation or in a separate written agreement signed by CCC, invoices are due
and payable on "net 30" terms. While User may exercise the rights licensed immediately upon issuance of
the Order Con rmation, the license is automatically revoked and is null and void, as if it had never been
issued, if complete payment for the license is not received on a timely basis either from User directly or
through a payment agent, such as a credit card company.
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3.3. Unless otherwise provided in the Order Con rmation, any grant of rights to User (i) is "one-time" (including
the editions and product family speci ed in the license), (ii) is non-exclusive and non-transferable and (iii)
is subject to any and all limitations and restrictions (such as, but not limited to, limitations on duration of
use or circulation) included in the Order Con rmation or invoice and/or in these terms and conditions.
Upon completion of the licensed use, User shall either secure a new permission for further use of the
Work(s) or immediately cease any new use of the Work(s) and shall render inaccessible (such as by
deleting or by removing or severing links or other locators) any further copies of the Work (except for
copies printed on paper in accordance with this license and still in User's stock at the end of such period).
3.4. In the event that the material for which a republication license is sought includes third party materials
(such as photographs, illustrations, graphs, inserts and similar materials) which are identi ed in such
material as having been used by permission, User is responsible for identifying, and seeking separate
licenses (under this Service or otherwise) for, any of such third party materials; without a separate license,
such third party materials may not be used.
3.5. Use of proper copyright notice for a Work is required as a condition of any license granted under the
Service. Unless otherwise provided in the Order Con rmation, a proper copyright notice will read
substantially as follows: "Republished with permission of [Rightsholder's name], from [Work's title, author,
volume, edition number and year of copyright]; permission conveyed through Copyright Clearance Center,
Inc. " Such notice must be provided in a reasonably legible font size and must be placed either
immediately adjacent to the Work as used (for example, as part of a by-line or footnote but not as a
separate electronic link) or in the place where substantially all other credits or notices for the new work
containing the republished Work are located. Failure to include the required notice results in loss to the
Rightsholder and CCC, and the User shall be liable to pay liquidated damages for each such failure equal
to twice the use fee speci ed in the Order Con rmation, in addition to the use fee itself and any other fees
and charges speci ed.
3.6. User may only make alterations to the Work if and as expressly set forth in the Order Con rmation. No
Work may be used in any way that is defamatory, violates the rights of third parties (including such third
parties' rights of copyright, privacy, publicity, or other tangible or intangible property), or is otherwise
illegal, sexually explicit or obscene. In addition, User may not conjoin a Work with any other material that
may result in damage to the reputation of the Rightsholder. User agrees to inform CCC if it becomes aware
of any infringement of any rights in a Work and to cooperate with any reasonable request of CCC or the
Rightsholder in connection therewith.
4. Indemnity. User hereby indemni es and agrees to defend the Rightsholder and CCC, and their respective
employees and directors, against all claims, liability, damages, costs and expenses, including legal fees and
expenses, arising out of any use of a Work beyond the scope of the rights granted herein, or any use of a Work
which has been altered in any unauthorized way by User, including claims of defamation or infringement of rights
of copyright, publicity, privacy or other tangible or intangible property.
5. Limitation of Liability. UNDER NO CIRCUMSTANCES WILL CCC OR THE RIGHTSHOLDER BE LIABLE FOR ANY DIRECT,
INDIRECT, CONSEQUENTIAL OR INCIDENTAL DAMAGES (INCLUDING WITHOUT LIMITATION DAMAGES FOR LOSS OF
BUSINESS PROFITS OR INFORMATION, OR FOR BUSINESS INTERRUPTION) ARISING OUT OF THE USE OR INABILITY
TO USE A WORK, EVEN IF ONE OF THEM HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. In any event,
the total liability of the Rightsholder and CCC (including their respective employees and directors) shall not exceed
the total amount actually paid by User for this license. User assumes full liability for the actions and omissions of
its principals, employees, agents, a liates, successors and assigns.
6.
Limited Warranties. THE WORK(S) AND RIGHT(S) ARE PROVIDED "AS IS". CCC HAS THE RIGHT TO GRANT TO USER
THE RIGHTS GRANTED IN THE ORDER CONFIRMATION DOCUMENT. CCC AND THE RIGHTSHOLDER DISCLAIM ALL
OTHER WARRANTIES RELATING TO THE WORK(S) AND RIGHT(S), EITHER EXPRESS OR IMPLIED, INCLUDING
WITHOUT LIMITATION IMPLIED WARRANTIES OF MERCHANTABILITY OR FITNESS FOR A PARTICULAR PURPOSE.
ADDITIONAL RIGHTS MAY BE REQUIRED TO USE ILLUSTRATIONS, GRAPHS, PHOTOGRAPHS, ABSTRACTS, INSERTS




USER UNDERSTANDS AND AGREES THAT NEITHER CCC NOR THE RIGHTSHOLDER MAY HAVE SUCH ADDITIONAL
RIGHTS TO GRANT.
7. E ect of Breach. Any failure by User to pay any amount when due, or any use by User of a Work beyond the scope
of the license set forth in the Order Con rmation and/or these terms and conditions, shall be a material breach of
the license created by the Order Con rmation and these terms and conditions. Any breach not cured within 30
days of written notice thereof shall result in immediate termination of such license without further notice. Any
unauthorized (but licensable) use of a Work that is terminated immediately upon notice thereof may be liquidated
by payment of the Rightsholder's ordinary license price therefor; any unauthorized (and unlicensable) use that is
not terminated immediately for any reason (including, for example, because materials containing the Work cannot
reasonably be recalled) will be subject to all remedies available at law or in equity, but in no event to a payment of
less than three times the Rightsholder's ordinary license price for the most closely analogous licensable use plus
Rightsholder's and/or CCC's costs and expenses incurred in collecting such payment.
8. Miscellaneous.
8.1. User acknowledges that CCC may, from time to time, make changes or additions to the Service or to these
terms and conditions, and CCC reserves the right to send notice to the User by electronic mail or
otherwise for the purposes of notifying User of such changes or additions; provided that any such changes
or additions shall not apply to permissions already secured and paid for.
8.2. Use of User-related information collected through the Service is governed by CCC's privacy policy,
available online here:https://marketplace.copyright.com/rs-ui-web/mp/privacy-policy
8.3. The licensing transaction described in the Order Con rmation is personal to User. Therefore, User may
not assign or transfer to any other person (whether a natural person or an organization of any kind) the
license created by the Order Con rmation and these terms and conditions or any rights granted
hereunder; provided, however, that User may assign such license in its entirety on written notice to CCC in
the event of a transfer of all or substantially all of User's rights in the new material which includes the
Work(s) licensed under this Service.
8.4. No amendment or waiver of any terms is binding unless set forth in writing and signed by the parties. The
Rightsholder and CCC hereby object to any terms contained in any writing prepared by the User or its
principals, employees, agents or a liates and purporting to govern or otherwise relate to the licensing
transaction described in the Order Con rmation, which terms are in any way inconsistent with any terms
set forth in the Order Con rmation and/or in these terms and conditions or CCC's standard operating
procedures, whether such writing is prepared prior to, simultaneously with or subsequent to the Order
Con rmation, and whether such writing appears on a copy of the Order Con rmation or in a separate
instrument.
8.5. The licensing transaction described in the Order Con rmation document shall be governed by and
construed under the law of the State of New York, USA, without regard to the principles thereof of con icts
of law. Any case, controversy, suit, action, or proceeding arising out of, in connection with, or related to
such licensing transaction shall be brought, at CCC's sole discretion, in any federal or state court located in
the County of New York, State of New York, USA, or in any federal or state court whose geographical
jurisdiction covers the location of the Rightsholder set forth in the Order Con rmation. The parties
expressly submit to the personal jurisdiction and venue of each such federal or state court.If you have any
comments or questions about the Service or Copyright Clearance Center, please contact us at 978-750-
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CCC Republication Terms and Conditions
1. Description of Service; De ned Terms. This Republication License enables the User to obtain licenses for
republication of one or more copyrighted works as described in detail on the relevant Order Con rmation (the
"Work(s)"). Copyright Clearance Center, Inc. ("CCC") grants licenses through the Service on behalf of the
rightsholder identi ed on the Order Con rmation (the "Rightsholder"). "Republication", as used herein, generally
means the inclusion of a Work, in whole or in part, in a new work or works, also as described on the Order
Con rmation. "User", as used herein, means the person or entity making such republication.
2. The terms set forth in the relevant Order Con rmation, and any terms set by the Rightsholder with respect to a
particular Work, govern the terms of use of Works in connection with the Service. By using the Service, the person
transacting for a republication license on behalf of the User represents and warrants that he/she/it (a) has been
duly authorized by the User to accept, and hereby does accept, all such terms and conditions on behalf of User,
and (b) shall inform User of all such terms and conditions. In the event such person is a "freelancer" or other third
party independent of User and CCC, such party shall be deemed jointly a "User" for purposes of these terms and
conditions. In any event, User shall be deemed to have accepted and agreed to all such terms and conditions if
User republishes the Work in any fashion.
3. Scope of License; Limitations and Obligations.
3.1. All Works and all rights therein, including copyright rights, remain the sole and exclusive property of the
Rightsholder. The license created by the exchange of an Order Con rmation (and/or any invoice) and
payment by User of the full amount set forth on that document includes only those rights expressly set
forth in the Order Con rmation and in these terms and conditions, and conveys no other rights in the
Work(s) to User. All rights not expressly granted are hereby reserved.
3.2.
General Payment Terms: You may pay by credit card or through an account with us payable at the end of
the month. If you and we agree that you may establish a standing account with CCC, then the following
terms apply: Remit Payment to: Copyright Clearance Center, 29118 Network Place, Chicago, IL 60673-1291.
Payments Due: Invoices are payable upon their delivery to you (or upon our notice to you that they are
available to you for downloading). After 30 days, outstanding amounts will be subject to a service charge
of 1-1/2% per month or, if less, the maximum rate allowed by applicable law. Unless otherwise speci cally
set forth in the Order Con rmation or in a separate written agreement signed by CCC, invoices are due
and payable on "net 30" terms. While User may exercise the rights licensed immediately upon issuance of
the Order Con rmation, the license is automatically revoked and is null and void, as if it had never been
issued, if complete payment for the license is not received on a timely basis either from User directly or
through a payment agent, such as a credit card company.
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3.3. Unless otherwise provided in the Order Con rmation, any grant of rights to User (i) is "one-time" (including
the editions and product family speci ed in the license), (ii) is non-exclusive and non-transferable and (iii)
is subject to any and all limitations and restrictions (such as, but not limited to, limitations on duration of
use or circulation) included in the Order Con rmation or invoice and/or in these terms and conditions.
Upon completion of the licensed use, User shall either secure a new permission for further use of the
Work(s) or immediately cease any new use of the Work(s) and shall render inaccessible (such as by
deleting or by removing or severing links or other locators) any further copies of the Work (except for
copies printed on paper in accordance with this license and still in User's stock at the end of such period).
3.4. In the event that the material for which a republication license is sought includes third party materials
(such as photographs, illustrations, graphs, inserts and similar materials) which are identi ed in such
material as having been used by permission, User is responsible for identifying, and seeking separate
licenses (under this Service or otherwise) for, any of such third party materials; without a separate license,
such third party materials may not be used.
3.5. Use of proper copyright notice for a Work is required as a condition of any license granted under the
Service. Unless otherwise provided in the Order Con rmation, a proper copyright notice will read
substantially as follows: "Republished with permission of [Rightsholder's name], from [Work's title, author,
volume, edition number and year of copyright]; permission conveyed through Copyright Clearance Center,
Inc. " Such notice must be provided in a reasonably legible font size and must be placed either
immediately adjacent to the Work as used (for example, as part of a by-line or footnote but not as a
separate electronic link) or in the place where substantially all other credits or notices for the new work
containing the republished Work are located. Failure to include the required notice results in loss to the
Rightsholder and CCC, and the User shall be liable to pay liquidated damages for each such failure equal
to twice the use fee speci ed in the Order Con rmation, in addition to the use fee itself and any other fees
and charges speci ed.
3.6. User may only make alterations to the Work if and as expressly set forth in the Order Con rmation. No
Work may be used in any way that is defamatory, violates the rights of third parties (including such third
parties' rights of copyright, privacy, publicity, or other tangible or intangible property), or is otherwise
illegal, sexually explicit or obscene. In addition, User may not conjoin a Work with any other material that
may result in damage to the reputation of the Rightsholder. User agrees to inform CCC if it becomes aware
of any infringement of any rights in a Work and to cooperate with any reasonable request of CCC or the
Rightsholder in connection therewith.
4. Indemnity. User hereby indemni es and agrees to defend the Rightsholder and CCC, and their respective
employees and directors, against all claims, liability, damages, costs and expenses, including legal fees and
expenses, arising out of any use of a Work beyond the scope of the rights granted herein, or any use of a Work
which has been altered in any unauthorized way by User, including claims of defamation or infringement of rights
of copyright, publicity, privacy or other tangible or intangible property.
5. Limitation of Liability. UNDER NO CIRCUMSTANCES WILL CCC OR THE RIGHTSHOLDER BE LIABLE FOR ANY DIRECT,
INDIRECT, CONSEQUENTIAL OR INCIDENTAL DAMAGES (INCLUDING WITHOUT LIMITATION DAMAGES FOR LOSS OF
BUSINESS PROFITS OR INFORMATION, OR FOR BUSINESS INTERRUPTION) ARISING OUT OF THE USE OR INABILITY
TO USE A WORK, EVEN IF ONE OF THEM HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. In any event,
the total liability of the Rightsholder and CCC (including their respective employees and directors) shall not exceed
the total amount actually paid by User for this license. User assumes full liability for the actions and omissions of
its principals, employees, agents, a liates, successors and assigns.
6.
Limited Warranties. THE WORK(S) AND RIGHT(S) ARE PROVIDED "AS IS". CCC HAS THE RIGHT TO GRANT TO USER
THE RIGHTS GRANTED IN THE ORDER CONFIRMATION DOCUMENT. CCC AND THE RIGHTSHOLDER DISCLAIM ALL
OTHER WARRANTIES RELATING TO THE WORK(S) AND RIGHT(S), EITHER EXPRESS OR IMPLIED, INCLUDING
WITHOUT LIMITATION IMPLIED WARRANTIES OF MERCHANTABILITY OR FITNESS FOR A PARTICULAR PURPOSE.
ADDITIONAL RIGHTS MAY BE REQUIRED TO USE ILLUSTRATIONS, GRAPHS, PHOTOGRAPHS, ABSTRACTS, INSERTS




USER UNDERSTANDS AND AGREES THAT NEITHER CCC NOR THE RIGHTSHOLDER MAY HAVE SUCH ADDITIONAL
RIGHTS TO GRANT.
7. E ect of Breach. Any failure by User to pay any amount when due, or any use by User of a Work beyond the scope
of the license set forth in the Order Con rmation and/or these terms and conditions, shall be a material breach of
the license created by the Order Con rmation and these terms and conditions. Any breach not cured within 30
days of written notice thereof shall result in immediate termination of such license without further notice. Any
unauthorized (but licensable) use of a Work that is terminated immediately upon notice thereof may be liquidated
by payment of the Rightsholder's ordinary license price therefor; any unauthorized (and unlicensable) use that is
not terminated immediately for any reason (including, for example, because materials containing the Work cannot
reasonably be recalled) will be subject to all remedies available at law or in equity, but in no event to a payment of
less than three times the Rightsholder's ordinary license price for the most closely analogous licensable use plus
Rightsholder's and/or CCC's costs and expenses incurred in collecting such payment.
8. Miscellaneous.
8.1. User acknowledges that CCC may, from time to time, make changes or additions to the Service or to these
terms and conditions, and CCC reserves the right to send notice to the User by electronic mail or
otherwise for the purposes of notifying User of such changes or additions; provided that any such changes
or additions shall not apply to permissions already secured and paid for.
8.2. Use of User-related information collected through the Service is governed by CCC's privacy policy,
available online here:https://marketplace.copyright.com/rs-ui-web/mp/privacy-policy
8.3. The licensing transaction described in the Order Con rmation is personal to User. Therefore, User may
not assign or transfer to any other person (whether a natural person or an organization of any kind) the
license created by the Order Con rmation and these terms and conditions or any rights granted
hereunder; provided, however, that User may assign such license in its entirety on written notice to CCC in
the event of a transfer of all or substantially all of User's rights in the new material which includes the
Work(s) licensed under this Service.
8.4. No amendment or waiver of any terms is binding unless set forth in writing and signed by the parties. The
Rightsholder and CCC hereby object to any terms contained in any writing prepared by the User or its
principals, employees, agents or a liates and purporting to govern or otherwise relate to the licensing
transaction described in the Order Con rmation, which terms are in any way inconsistent with any terms
set forth in the Order Con rmation and/or in these terms and conditions or CCC's standard operating
procedures, whether such writing is prepared prior to, simultaneously with or subsequent to the Order
Con rmation, and whether such writing appears on a copy of the Order Con rmation or in a separate
instrument.
8.5. The licensing transaction described in the Order Con rmation document shall be governed by and
construed under the law of the State of New York, USA, without regard to the principles thereof of con icts
of law. Any case, controversy, suit, action, or proceeding arising out of, in connection with, or related to
such licensing transaction shall be brought, at CCC's sole discretion, in any federal or state court located in
the County of New York, State of New York, USA, or in any federal or state court whose geographical
jurisdiction covers the location of the Rightsholder set forth in the Order Con rmation. The parties
expressly submit to the personal jurisdiction and venue of each such federal or state court.If you have any
comments or questions about the Service or Copyright Clearance Center, please contact us at 978-750-
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[110] M. Hébert, W. Baxter, J. P. Huissoon, and C. L. Ren, A quantita-
tive study of the dynamic response of soft tubing for pressure-driven flow in a
microfluidics context, Microfluidics and Nanofluidics, 24 (2020), pp. 1–13.
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This document provides instructions for calibrating a flow sensor output for a specific fluid. It includes 
the data processing using the Excel template [flow_sensor_calibration_report_generator_20180128-02] 
that is used to generate a standardized report. The instructions to operate the flow sensor [Flow Sensor 
SOP] and the syringe pump [Syringe Pump SOP] are provided elsewhere. Information about the required 
materials and equipment as well as general guidance are provided in the following sections. The step-
by-step procedure is listed at the end of this document.  
2 Data collection 
 Required materials and equipment 
Qty Description Image 
Equipment 
1 Sensirion SLG-1430 flow sensor  
1 Flow sensor cable  
1 Serial-to-usb adapter  
1 Gas airtight glass syringe (Hamilton)  
1 Tubing cutter  
1 Syringe pump  
3 Disposable Luer syringes   
3 20 ml vials for waste collection  
3 Reservoir holder vials (micrewtube)  
Fittings 
3 Filters (2 𝜇m)  
2 Capillary 360 𝜇m OD to 1/16” OD tubing adapter 
 
1 Syringe (Luer) to 10-32 adapter 
 
3 10-32 fitting (1/16” OD) 
 
2 6-32 fitting (360 𝜇m OD) 
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2 PEEK MicroTight Ferrule 5/16-24 Coned, for 360µm OD [F-
152] 
 
2 MicroTight Ferrule Plug [P-116]  
 
2 VHP Female Nut (Micro Fittings), 5/16-24 Coned [P-416] 
 
Tubing 
2 Copper capillary (250 𝜇m ID X 360 𝜇m OD) [> 5 cm length]  
2 Plastic tubing (0.010”X1/16”) [> 30 cm]  
Chemicals 
10  ml of the fluid of interest  
5 ml of isopropanol (IPA)  
5 ml of acetone  
 
 Syringe pump 
Currently, there are two syringe pumps available in the lab: Harvard Apparatus 33 Twin model and 
Harvard Apparatus Pico Plus. Consult the appropriate SOP on how to operate them [Syringe Pump SOP].  
 
The flow rate must be set in 𝜇𝑙/𝑚𝑖𝑛 for the calibration and the internal diameter of the syringe must be 






Care must be taken to watch for the syringe pump emptying and still trying to advance. This will break 
the wings of the expensive glass syringe.  
 
For faster setup, once all connections are made, it is easier to manually push the fluid through the tubing 
all the way to the waste and ensure there are no air bubbles. Then, the syringe can be driven using the 
syringe pump.  
 
  
→ Hamilton Airtight Gas Syringe datasheet  
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 Flow sensor 
DO NOT TOUCH THE PARTS INDICATED IN THE FIGURE. BY UNTIGHTENING, YOU 




The ferrule for the 360 𝜇m OD capillary can be unusable due to a piece of capillary breaking in them. 
Care must be taken to not break the capillary by avoiding to bending and torsion at all cost.  
 





 Collecting the data 
The transient response of the syringe pump is much longer than for the pressure pump. Therefore, after 
setting the flow rate on the syringe pump, 5 minutes must elapse before data is collected.  
 
The tip of the tubing must be submerged in the waste vial to prevent variations from the formation (and 
breakage) of droplets at the tip that will affect the flow rate. 
  
Record data for 1 min at lowest frequency (1.56 Hz) in raw mode for better (smaller) resolution. Raw 
mode records the output in bits [0-32767] rather than applying the default factory water calibration. Note 
that the header in the recorded file will still specify flow rate in [𝜇𝑙/𝑚𝑖𝑛] rather than in bits, but the 
values will be in bits. Simply disregard the header.  
 
The range to cover before the relationship becomes nonlinear is generally from 1.0 𝜇𝑙/𝑚𝑖𝑛  to 5.0 
𝜇𝑙/𝑚𝑖𝑛 in 0.5 𝜇𝑙/𝑚𝑖𝑛 increments. Each flow rate must be repeated 3 times under loading (increasing 
flow rate) and unloading (decreasing flow rate) conditions. The third repetition conditions is up to the 
user.  
→ Sensirion SLG-1430 datasheet 
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All files should be saved in the same folder. The naming convention for the recorded files must follow 
the convention: i.d ul/min n dataset → i_d-n.txt e.g. 1.5 ul/min 2nd dataset → 1_5-2.txt 
 
2.4.1. SensiView software for data collection. 
 
 
Figure 1. SensiView software screenshot of opening window and device manager to identify the correct 
COM port.  
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Figure 2. SensiView software screenshot with important settings highlighted. 
 Cleaning up 
The pressure pump with the reservoir holder can help to clean the setup easily by pushing the appropriate 
fluid (or air) through the whole tubing.  
 
Prepare one filtered isopropanol solution, one filtered acetone solution and one empty vial in the reser-
voir holder. All pressures can be set to 250 mbar. It is important to first clean with acetone and then with 
isopropanol; acetone leaves an undesirable residue after evaporation that isopropanol does not; however, 
acetone is a better cleaning agent.  
 
In order to connect the input that was initially to the syringe, the 10-32 fitting can be removed from the 
syringe (Luer) to 10-32 adapter and then, it can be directly connected to the reservoir holder output.  
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3 Report generation 
 Data files preparation 
All the files of the data collected should be grouped into one folder. Make sure the files follow the 
following naming convention and are as-is from the SensiView software (i.e. tab-separated files saved 
as txt). 
i.d ul/min n dataset → i_d-n.txt 
e.g. 1.5 ul/min 2nd dataset → 1_5-2.txt 
 Using the Excel template 
1. Place a copy of the Excel template for report generation [flow_sensor_calibration_report_gener-
ator_20180128-02]  in the same folder as all your data.  
2. Open the file.  
3. Entre all information pertaining to the calibration data that was collected in the “Input” section. 
The range for flow rate is indicated with the minimum, maximum and incremental flow rate. 
Three repetitions are assumed for all data.  
 
4. Click the “Import data from text files” button. Note this can take some moment to process. All 
data will now be in its separate tab with the summary (i.e. the average) shown on the main page. 
The graph tab also updates automatically.  
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6. Automatically generate the report by clicking the “Generate report (PDF)” button on the main 
tab. This will output a PDF file with all the information entered in the “Input” section and the 
graph in the same folder. 
 
7. A dialog box will confirm the successful creation of the file. Verify that the PDF file contains 





Sample flow sensor  
calibration report 
↓   
374
  Rev.1.0 





 Archiving the report 
In order to keep track of the calibration reports for each flow sensor for each fluid, they must be properly 
placed in the common drive.  
In the “Lab Maintenance” folder, there is the general Equipment Maintenance Logbook 20181107-05. 
There is a tab for each of the Sensirion SLG-1430 flow sensor corresponding to their tracking number 
(20181210-01 to 03). Select the appropriate sensor and enter the maintenance performed (i.e. calibration) 
with the fluid used. 
The PDF file of the calibration report will be stored in the corresponding folder (i.e. tracking number 
identifying the flow sensor) under “Lab Maintenance > Flow sensor calibration reports”. The link to the 
file must be included in the “Remarks” section of the Equipment Maintenance Logbook. 
Use the following format for the link to the PDF file, e.g.:  
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4 Step-by-step procedure 
1. Filter the fluid the flow sensor will be calibrated for using a 2 𝜇m filter attached to a Luer syringe 
into a 20 ml vial. Typically, the total volume that will be required is about 10 ml. 
2. Filter acetone and IPA into 2 ml micrewtube (to use with the reservoir holder and the pressure 
pump) for the cleaning procedure at the end.  
3. Prepare two pieces of capillary (250 ID X 360 OD 𝜇m) of at least 5 cm using the tubing cutter.  
4. Prepare two pieces of plastic tubing (0.010”X1/16”) to connect the syringe pump output to the 
pressure sensor input (about > 30 cm), and to connect the flow sensor output to the waste vial 
(about ~20 cm).  
Note: The tubing from the flow sensor output to the waste vial should be long enough for the tip 
to be submerged. 
5. Connect the capillary to the 360 𝜇m OD to 1/16” OD tubing adapter with the tubing other end of 
the tubing to the 10-32 fitting and then, to the Luer adapter for the syringe.  
 
6. Similarly connect the other capillary to the 360 𝜇m OD to 1/16” OD tubing adapter with the 
tubing other end.   
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7. Secure the flow sensor on the surface using tape. 
8. Connect the flow sensor to the computer (Refer to the flow sensor SOP: Flow Sensor SOP). 
9. Connect the capillaries to the flow sensor input and output. Secure the 360 𝜇m OD to 1/16” OD 
tubing adapters using tape to prevent the capillary from moving too much and breaking. The 
input should be close to the syringe pump while the output should be in a 20 ml vial used for 
waste collection. 
 
10. Fill the glass syringe with the fluid of interest. 
11. Connect the syringe to the tubing. 
12. Manually fill the entire tubing and fittings. There must be no air bubble.  
13. Insert the syringe in the syringe pump (Refer to the syringe pump SOP: Syringe Pump SOP). 
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14. Set the desired flow rate and wait 5 minutes for stabilization. 
15. Record the raw data for 1 minutes at a sampling frequency of 1.56 Hz following the naming 
convention: i.d ul/min n dataset → i_d-n.txt e.g. 1.5 ul/min 2nd dataset → 1_5-2.txt. 
16. Repeat steps 14-15 for flow rates from 1.0 𝜇l/min to 5.0 𝜇l/min in 0.5 𝜇l/min increments (3 rep-
etitions for each flow rate). 
Note: Be careful of the syringe emptying. The “bottoming” of the syringe will break the glass 
wings. To replenish the liquid: stop the syringe pump, remove the syringe, disconnect the Luer 
adapter, fill the syringe, reconnect the Luer adapter, manually push any air bubbles all the way 
to the waste, reposition in the syringe in the syringe pump, restart the syringe pump, wait 5 min 
for stabilization before collecting data. 
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17. To facilitate the cleaning procedure, a pressure pump with an empty micrewtube, an acetone 
micrewtube, and an IPA micrewtube (pre-filtered solutions) can be used. The Luer lock adapter 
can be removed, and the 10-32 fitting can be connected to the appropriate output of the reservoir 
holder.  
18. Empty the tubing of the fluid used for calibration by pushing air through. 
19. Change the waste bottle to separate the fluid from acetone and IPA. Dispose properly. 
20. Rinse with acetone for one minute. 
21. Push air through. 
22. Rinse with isopropanol for one minute. 
→ It is important to do acetone first and then IPA. Acetone leaves a residue when evaporating 
while IPA does not.  
23. Push air through until empty and then for one minute to make sure everything is dry. There should 
be no liquid in the flow sensor when storing them.  
24. Put back the ferrule plugs to seal the flow sensor input and output for storage.  




State-space matrices – Symmetric
model
The model developed by David Wong ([311]) and subsequently used for controller
design relies on the description of the fluid physics using RLC circuit elements. The
symmetric model herein described uses a different block element; the resistance and
inductance are split in half on either side of the capacitor. Contrarily to the previous
simpler RLC circuit, the symmetry leads to a symmetric response whether current
flows from in-to-out or out-to-in. The symmetric configuration adds an additional
inductor, and hence, the block element is third-order (two inductors and one capaci-
tor) rather than second order. Nonetheless, the connection in series of the tube and
the channel combines the resistance and inductor through simple addition. Thus,
the overall order–and hence complexity–for the T junction model is only increased
from 10th to 14th order.
The assembly of symmetric RLC blocks as shown in Figure B.1 for a T-junction
chip and its sample tubing results in a 14th order state-space model. As previously
established by the modular design of the controller by Wong, the matrices values
can be readily extracted from the Simulink graphical representation. However, for
resistance identification, the analytical equations rather than numerical matrices are
required to use the grey-box algorithm. Although Matlab has symbolic variables
capabilities, the derivation by-hand is straightforward and preferred. The equations
are validated against the numerical matrices calculated using Matlab. The symmetry
of the network as a whole with respect to the three branches means that certain
equations are similar for each channel.
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Figure B.1: Symmetric RLC block element.
B.1 Analogy between fluid and electrical princi-
ples
The fluid physics involved in two-phase flow in microchannels is complex. Theoretical
analytical descriptions are investigated but the complexity is prohibitive to develop
a simple mathematical expression ([309, 246]). A simpler model enables controller
design and quicker simulation albeit at the cost of accuracy. Nevertheless, it is
beneficial to remember that “[...] all models are wrong; the practical question is how
wrong do they have to be to not be useful.” ([27, p. 63]). Thus, although a simpler
model is less accurate, its usefulness is still significant because if it is not too wrong.
Therefore, complex fluid flows at the microfluidic chip inlet, two-phase flow, and flow
at the T junction where all three channels intersect are neglected.
The analogy between fluid and electrical principles is established. Each section of
the system is described by a second-order system that is an RLC circuit. The RLC
circuit could be a mass-spring-damper system but Simulink allows to more readily
extract state-space matrices from a circuit. The details of the equivalence between
the fluid and electrical principles are summarized in Figure B.2.
Current is conserved at the junction of element connected in series that is the
current in one element is equal to the current in the next element. From a fluid
perspective, the flow rate is conserved across the connection between the tube and
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channel for example (assuming no leakage). Current is equivalent to flow rate as
opposed to velocity because the cross-section of elements in series fluctuates.
Figure B.2: Analogy between fluid and electrical principles. Where µ is the dynamic
viscosity [kg/m · s], l is the channel length [m], and dh is the hydraulic diameter [m],
ρ is density [kg/m3] and l is channel length [m], A is the cross sectional area [m2], κ
is the substrate stiffness [Pa ·m], l is the channel length [m], and β is the adiabatic
bulk modulus [Pa].
The dynamics of the passive RLC circuit elements can be expressed using straight-
forward equations.
UR = R · IR (B.1)










The assembly of the block elements mimics the physical setup with the tube and
microchannels. Tubes and channels are connected in series with the source at one
end, and the junction at the other as shown in Figure B.3.
Figure B.3: Overview of the T-junction circuit. Each element has the internal RLC
components illustrated in Figure B.1 with their value associated with the system
properties.
B.3 States, inputs, and outputs
The states are determined automatically using Matlab and can fully described the




















The actuation is provided by the pressure pump output channels that are in-
dependently controlled. Each branch of the T-junction is connected to a tubing
transporting the fluid from the reservoir holder. There is also a soft air tubing





The output vector is made of the available measurements. The position of the
droplet interface in the channel provides the required information. Position, velocity,
and flow rate can easily be related to each other (V = dx
dt
, Q = V · A). The system
is inherently multi-input-multi-output (MIMO). However, the conservation of mass
principle restricts the number of outputs that can simultaneously be tracked. At
a T-junction, only two of the three channel flow can be arbitrarily controlled; the
third channel flow is algebraically related to the two others, and thus, it cannot be
controlled. The appropriate row for the measurement must be removed depending






B.4 Circuit and derivation at the channel junction
The three channels meet at the junction where an algebraic relationship between
the three currents can easily be established. This is of particular interest for the
derivation of the equation for state 1.




(Ich1a − Ich1b) (B.8)
B.5 Circuit and derivation for U̇tubeX
The circuit and derivation for the equations of states 8, 11, and 14 are similar.




(Itube1a − Itube1b) (B.10)
B.6 Circuit and derivation for U̇chX
Equations 3 and 5 are very similarly derived while for Equation 1, the algebraic
relationship to the two other branches (Equation B.7) must be used. Moreover,
the connection in series between the tube and channel means that the current is
conserved.
Itube2b = Ich2a (B.11)
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(Ich2a − Ich2b)→ U̇ch2 =
1
Cch2
(Itube2b − Ich2b) (B.12)
B.7 Circuit and derivation for İtubeXa
The voltage drop between the input (U1) to the capacitor associated with the tube
(Utube1) is expressed in terms of drop across the resistance and inductance.













(U1 − Utube1) (B.14)
B.8 Circuit and derivation for İchXb
The derivation for Equations 2 and 4 is lengthier and involves combining 3 sub-
equations (labeled (i), (ii), and (iii)) to eliminate the intermediary variable Ujct. The
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Figure B.5: Circuit for derivation of equations for U̇chX states (1, 3, and 5).
current in CH1 is not a state because there is an algebraic relationship (Equation
B.7) with the current in the two other channels that are already states.





















Combining (ii) and (iii) allows to express İch2b in terms of İch3b and the two states
Ich2b and Ich3b.
























Ich2b + Uch2 − Uch3 (B.16)
For Equation 4:














Figure B.6: Circuit for derivation of equations for İtubeXa states (6, 9, and 12).






















Although Ich2b and Ich3b are both states, their respective derivative is not. Therefore,
Equation (a) must be used to eliminate one of the two derivatives.













































































































































Figure B.7: Circuit for derivation of equations for İchXb states (2, and 4).
B.9 Circuit and derivation for İtubeXb
The voltage drop from the tube to the channel capacitor potential is expressed in
terms of the drop across each components. Similarly to previously, there is a current
equivalence (Equation B.11) because the tube and channel are connected in series.






























(Utube1 − Uch1) (B.23)
Figure B.8: Circuit for derivation of equations for İtubeXb states (7, 10, and 13).
B.10 State-space matrices
The standard state-space format is used to express the MIMO model.
Ẋ = A ·X +B · U (B.24)
Y = C ·X +D · U (B.25)
For the following matrices, a shorthand is used to keep them more legible. The
combination of half the resistance or inductance of the tube and channel is due to

































































































































































































































































































































































































































































































































B.10.2 B ∈ R14×3
B =

0 0 0 (1)
0 0 0 (2)
0 0 0 (3)
0 0 0 (4)




0 0 0 (7)




0 0 0 (10)




0 0 0 (13)
0 0 0 (14)

B.10.3 C ∈ R1×14
C =

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14)
0 0 0 0 0 0 1/Ax−sect 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 1/Ax−sect 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 1/Ax−sect 0

B.10.4 D ∈ R3×3
D =
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DOI: 10.1016/j.sna.2020.111917
C.1 Relation to other work in this thesis
The investigation of tubing dynamics presented in Chapter 6 demonstrated the sig-
nificant impact of the air tubing on the system dynamics; correspondingly, the hydro-
dynamics resistance project (Chapter 7) considers the tubing dynamics to improve
the accuracy of the parameter identification.
394
C.2 Overview
Off-the-shelf planar strain gauges are ubiquitous and are generally designed for ma-
terials with a large elastic modulus such as steel or aluminum. Correspondingly,
the strain gauges themselves are stiff and do not deform substantially under applied
stress. Pairs of this type of strain gauge are typically used in a Wheatstone bridge
circuit allowing the measurement of very small changes in resistance due to the
changes in sensing element cross-sectional area to be measured. However, their use
with softer low-modulus materials is limited due to the larger elastic deformations
involved. The conductive property of graphene is leveraged to produce a different
type of strain sensor that is sensitive yet also capable of significant elastic deforma-
tion. The graphene is dispersed in a silicone-based polymer matrix such that the
deformation induces a change in resistance that can be measured using a voltage di-
vider circuit. The target application for which this sensor is developed is to measure
strain in a pressurized length of soft Tygon R© tubing which is often used in pumping
fluids through microfluidic devices. However, the silicone-based graphene polymer
can easily be applied to a variety of other shapes and soft materials.
C.3 Introduction
C.3.1 Microfluidics context
Microfluidics deals with fluid flow at the micrometre scale. This enabling technology
has been applied in a wide range of fields such as biological assays [13], material
synthesis [298], biofuels [25], and many more. Droplet microfluidics is a subset of
microfluidics that considers monodispersed picoliter to nanoliter-sized droplets as
reaction vesicles. The immiscibility of the two phases in combination with the mi-
crochannel wall surface properties allows the isolation of the dispersed phase droplets
(i.e. water) within the continuous phase (i.e. oil). Hence, the chemical reactions oc-
curring in the droplets are confined with high integrity in addition to the other main
advantages of using microfluidics, namely, reduced reagent consumption and shorter
reaction time.
Generally, microfluidics methods for liquid manipulation can be categorized as
either passive or active. Passive approaches rely on the microchannel network ge-
ometry and arrangement to achieve the desired manipulations while active methods
introduce external forces to better control the fluid. Although there exists a wide
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variety of methods used to drive the flow for both passive and active microfluidic
solutions, syringe pumps and pressure pumps are most widely utilized.
Syringe pumps are more forgiving than pressure pumps in terms of microflu-
idic chip design [101]; however, their performance is compromised by the inherent
long oscillation period in the flow [159]. Moreover, pressure pumps respond much
faster than syringe pumps when a change is requested [149]. Pressure pumps exhibit
desirable behaviour both on short and long timescales.
The fast response of pressure pumps is especially important in active control
applications. In the case of an image-based closed-loop active control system for
droplet manipulation in a microfluidic chip, the droplet location in a channel network
is obtained from a microscope camera image. The droplet location is fed back to the
controller, which adjusts the pressures applied to the channels to achieve the desired
position or motion of the droplet. The required quick adjustment response of the
fluid pressures can only be achieved by a pressure pump [111]. Active droplet control
platforms such as this offer unique advantage for manipulating individual droplets,
and present opportunities to apply microfluidics in other fields such as biochemistry
for single-cell analysis.
Figure C.1: Setup of the air tubing between the pressure pump and the reservoir
holder.
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Previous studies concerning the development of this active platform have reported
somewhat limited accuracy [308, 111]. Contributing factors include image quality
and pressure pump response, but the dynamic response of the tubing connecting the
pressure pump and the microfluidic chip is also considered important. The impact
of the tubing dynamics is that the pressure at the chip is not the same as the
output pressure of the pump. Referring to Figure C.1, the tubing consists of two
parts: the first (air tubing) transports air from the pump to the reservoir holder;
the second (liquid tubing) transports the liquid sample from the reservoir holder to
the microfluidic chip. The recommended air tubing is softer than the liquid tubing,
with typically an order of magnitude difference in elastic modulus. Consequently, the
fluid dynamics under applied pressures in the liquid tubing can be described by the
Hagen-Poiseuille law and are accounted for in the controller. However, the dynamics
of the air tubing depends on its material properties and dimensions, and has not
yet been accounted for in the model used for controller design. The hypothesis is
that neglecting the air tubing dynamics results in lower accuracy in active control for
droplet microfluidics. This, in turn, hinders the adoption of droplet microfluidics as
an enabling tool for single-cell analysis, high demand in many fields such as disease
diagnosis and personalized medicine [278, 135]. To justify the efforts to evaluate and
consider tubing dynamics in the active control system, it is important to quantify
the impact of tubing dynamics on the performance of the active control system.
C.3.2 Motivation
The active control system for droplet microuidics uses droplet position feedback pro-
vided by analysis of images from a camera attached to a microscope. Together with
custom software and appropriate controller parameters, the pressure to be applied at
each microfluidic chip inlet is calculated multiple times per second [308, 111]. These
pressures are sent to the pressure pump as commands to quickly actuate the fluid. If
tubing dynamics are neglected, the set of pressures applied at the reservoir holder is
assumed to be the same as the output pressures at the pump. However, in practice,
both an offset and delay between the output pressures at the pump and the actual
pressures applied at the reservoir holder are observed, which can cause difficulty in
achieving the desired droplet manipulation. The net effect is that droplet motions
must be slowed which makes the operation less efficient and longer; this is undesirable
since some biochemical materials can be time-sensitive due to aggregation.
The better strategy is to account for the dynamic pressure difference, which re-
quires an understanding of the air tubing dynamics. Tubing dynamics are influenced
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by multiple factors such as its inner and outer diameter, length, and stiffness. For a
given material, the tubing diameter and wall thickness are the key parameters that
determine the dynamic response. Incorporating changes in these parameters (or
strain) as the internal pressure changes into a dynamic model should enable these ef-
fects to be compensated. The motivation is thus to develop a technique whereby the
large strains encountered in the relatively soft tubing can be measured in real-time.
C.3.3 Literature overview
Although there exists pertinent previous research, the context and the corresponding
assumptions differ sufficiently to justify investigating the specific setup of the pres-
surized air tubing shown in Figure C.1. The two closest cases in the literature are
transmission lines for unsteady pressure measurement and blood flow in arteries.
A remotely localized pressure sensor requires a transmission line to measure the
pressure at the location of interest. Concerns with short term variations for the
measurement of unsteady pressure can be addressed by describing the dynamics
of the transmission line using a 2nd order system [67]. However, the derivation
assumes rigid walls as this is the more desirable configuration for remote pressure
sensing. Therefore, such modelling would not capture the tubing compliance and its
consequent dynamic effects on pressure.
Blood flow through arteries is a typical context studying the pressure propagation
through compliant tubing [32]. However, once again, an assumption at the founda-
tion of the derivations threatens the applicability to the air tubing of this study. The
typical artery dimensions justify the use of thin-wall assumptions; however, the wall
thickness of the air tubing herein under study is of the same order of magnitude
as the inner radius. Therefore, thin-wall assumptions made for artery flow seem
unreasonable.
C.3.4 Thick-wall compliant tubing dynamics
The dynamics introduce from the thick-wall compliant tubing between the pressure
pump output and the reservoir holder are of particular importance for active control
within the context of microfluidics. The available literature either does not consider
the expansion of the tubing or its thick-walled properties. Hence, an experimental
approach is necessary and used here. Nonetheless, the relationship between inner













where ε is the radial strain [ ], P is the internal tubing pressure [Pa], E is the tubing
elastic modulus [Pa], ro is the outside tubing radius [m], ri is the inner tubing radius,
and ν is the tubing material Poisson ratio [ ].
Typical off-the-shelf planar strain gauges are ubiquitous but are generally de-
signed for materials with a large elastic modulus such as steel or aluminum. Cor-
respondingly, the strain gauges themselves are stiff; they are meant to not deform
substantially under applied stress. Very small changes in resistance occur due to the
changes in the sensing element cross-sectional area. Pairs of this type of strain gauge
are used in a Wheatstone bridge circuit to measure such small changes in resistance.
However, their use with softer low modulus materials is limited due to the larger
elastic deformations involved. Consequently, an alternative approach must be used.
The conductive property of graphene is leveraged to produce a different type of strain
sensor that is sensitive yet also capable of significant elastic deformation [26]. The
graphene is dispersed in a silicone-based polymer matrix such that the deformation
induces a change in resistance that can be measured using a voltage divider circuit.
The strain sensor herein developed aims to measure the external radial defor-
mation caused by the pressure within the soft tubing. The strain sensor has a
silicone-based polymer matrix for its comparable softness and dispersed graphene
for its current conducting properties. The deformation measurement can provide
more information about the dynamics of the air tubing as it expands and contracts
according to its internal pressure.
C.4 Materials and experimental methods
C.4.1 Materials
The graphene-based strain sensor can simply be fabricated with graphene, Silly
Putty R©, acetone, and silicone oil 5cst.
The graphene has between 5 and 10 layers, a purity of 99.5%, and a lateral size
of 5− 10µm. The supplier selected for the graphene is accessible for its price range
as well as ease to place an order (https://www.ebay.ca/itm/142264483086). The
Silly Putty R© is a brand by Crayola. Although its exact composition is unknown,
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its viscoelastic properties have previously been studied [56]. The putty is the soft
matrix containing the graphene and is a silicone-based polymer. Acetone is used as
the solvent for both the Silly Putty R© and to disperse the graphene. The silicone
oil 5cst (Millipore Sigma) matches the silicone-based chemistry of the Silly Putty R©
matrix.
Briefly, the fabrication procedure consists of dispersing the graphene and Silly
Putty R© in acetone in two separate containers. Sonication for 6 hours with intermit-
tent hourly manually shaking contributes to an even dispersion within the solvent.
Similarly, after combining the two acetone solutions of graphene and Silly Putty R©,
sonication for one hour ensures proper mixing. Afterwards, the acetone is left to
evaporate at room temperature overnight. Adding a small volume (i.e. 0.1 ml) of
5cst silicone oil helps the dried mixture of Silly Putty R© and graphene to regain its
original texture as the final step.
Note that the dispersion of graphene within the silicone-based matrix (i.e. Silly
Putty R©) is named “G-putty” as per [26].
C.4.2 Experimental setup
The G-putty is manually moulded on the tubing to give it a cylindrical shape of
minimal thickness (∼ 500µm) and to establish contact with the tubing. Thus, the
tubing deformation is transmitted to the G-putty. The connection to the circuit is
established using small stranded wires. Although only contact is required between
the wires and the G-putty to transmit the current, a more secure attachment with
additional G-putty and tape is used to secure the wires on the tubing. The wires
connecting the sensor to the circuit are small stranded wires to minimize interference
with the deformation but maximize contact. The strain sensor cover a length of about
1.5 cm located in the middle of the tubing between the two pressure sensors. The
Tygon R©has a length of ∼ 50cm, a nominal inner diameter of 1/16”, and an outer
diameter of 1/8”.
The electrical measurement relies on a voltage divider circuit that allows to cal-
culate the varying resistance (Zsensor) based on a known precise voltage input (Vreg)







This configuration is preferred over the more typical Wheatstone bridge circuits of
strain sensors; the G-putty absolute resistance value varies and makes it difficult to
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match. The sensor is sensitive enough not to require a more complex circuit. The
circuit overview is shown in Figure C.2. Although the sensor would ideally sim-
ply behave as a resistor, an impedance is used to represent the sensor due to its
more complex behaviour. The high impedance of the strain sensor (O(MΩ)) and
the correspondingly matched resistance of the voltage divider circuit requires a volt-
age follower (Texas Instrument TLC2272 ) to accurately measure at the desired 1
ms interval. Moreover, an external Digital-to-Analog converter (DAC) with 12-bit
resolution (Microchip MCP3202 ) and an accurate voltage reference (Maxim Inte-
grated MAX6250 ) are set up to increase the measurement resolution. An Arduino
Mega2560 is used to communicate with the computer via serial communication.
Figure C.2: Overview of the circuit: VDC is the power supply voltage, VREG provides
a precision reference and supply voltage, 1X represents the voltage follower, and
DAC is the digital-to-analog converter
C.5 Results and discussion
The pressure at one end of the soft tubing can be controlled using the pressure pump.
The two pressure sensors (TE connectivity U536D-H00015-001BG) at either end of
the tubing measure the pressure while the strain sensor measures the tubing radial
strain caused by the tubing expansion. The specifications of the pressure sensing
apparatus are given in Table C.1.
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Table C.1: Specification summary for the pressure sensors (TE Connectivity U536D-
H00015-001BG).
Range 0 to 1 bar




The input of the pressure pump outlet is successively increased by 100 mbar step
changes. Correspondingly, the strain sensor resistance changes. However, as illus-
trated by Figure C.3, for constant pressure and hence, constant radial strain, the
strain resistance diminishes. This is attributed to the intrinsic dynamical behaviour
of the nanocomposite strain sensor. The self-healing properties originate from the
mobility of the graphene within the matrix [26]. The dynamics can be partly ex-
plained by a transfer function with a single zero (i.e. G(s) = s + a). Nevertheless,
the intrinsic dynamics effects clearly dominate and another approach is sought using
the ramp input response.
C.5.2 Ramp input
The step response (Figure C.3) suggests that although the strain sensor is sensitive
enough to detect the small radial strain, the intrinsic dynamics introduced dominates.
This is clear at constant pressure. Therefore, the ramp input response is investigated
as shown in Figure C.4.
Two different rates of change for the ramp are shown in Figure C.4(a) and C.4(b)
for the milder and steeper ramp respectively. The pressure spanned is 900 mbar
for both but the time required to reach this maximum pressure is 45 seconds and
9 seconds respectively. The subfigures with identical y-axis limits show a similar
response trend for the strain sensor measurements.
On one hand, the step response shows that the resistance change is not significant
at constant pressures; the peaks at the step change edge are all within about 5% of
each other. On the other hand, the ramp response shows a significant change (∼
50%) over the same 900 mbar pressure range. Moreover, the consistency in response
with respect to the rate of both the pressure and strain sensor measurement change
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Figure C.3: Successive step input response with strain sensor measurement. The
intrinsic nanocomposite strain sensor properties dominates the response at steady
pressure. The sharp pressure increase and corresponding sharp change in the sensor
resistance nonetheless indicates responsiveness for the small scale deformations.
suggests a constant relationship. However, the characterization of that constant is
not done in detail here. It is hypothesized that the constant is a function of the
volume ratio of graphene to Silly Putty R©.
∂(∆R/R0)/∂t
∂P/∂t
= k, where k is a constant. (C.3)
Therefore, now revisiting the relationship between inner pressure and radial strain
from [256] shown in Equation C.1, the time derivative of the resistance (and hence
of the strain) and the pressure time derivative are considered. However, the Silly
Putty R© and the tubing wall material exhibits viscoelastic behaviour. While the
Silly Putty R© is characterized in the literature [56], the Tygon R© tubing is not; its
modulus of elasticity is about 7 MPa. Considering the tubing elastic modulus E as a
function rather than a constant would affect the strain rate as part of the change with
respect to time. This behaviour could be attributed to the viscoelastic properties
of the material rather than to fluctuation in pressures, which is being measured.
Therefore, the tubing elastic modulus (E) is considered as a constant in this study.
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(a) Milder ramp input response strain sensor measurement.
(b) Steeper ramp input response strain sensor measurement.
Figure C.4: Ramp input response. The similar response between the milder and
steeper pressure ramp inputs suggests a constant relationship with the strain time
derivative.
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where ε is the radial strain [ ], t is time [s], P is the internal tubing pressure [Pa], E
is the tubing elastic modulus [Pa], ro is the outside tubing radius [m], ri is the inner
tubing radius, and ν is the tubing material Poisson ratio [ ].
The relationship from Equation C.4 depends on the mechanical properties of the
tubing to establish the proportional relationship between the pressure rate of change
and the strain rate of change. The gauge factor (GF) can be estimated from the
ramp response (Figure C.4) by averaging the milder and steeper response. Although
the data enables the estimation of the gauge factor (GF) as 20, many variables are
foreseen to affect the value; the estimation should be verified for specific volume
fractions, sensor geometries, and measurement resolution.
C.5.3 Potential impact
As previously specified, the dynamics introduced by the soft tubing in the context of
active control in microfluidics is impactful. The deformation of the tubing requires
special consideration of the dynamics as opposed to the simpler case of rigid-wall
tubing. A strain sensor measuring deformation is particularly insightful.
The usefulness of quantifying deformation is not restricted to microfluidics but
could also be extended to other areas for which traditional strain sensors can be
inadequate, for example, soft robotics.
Furthermore, the development and understanding of a silicone-based soft ma-
trix nanocomposite strain sensor can be valuable for the materials field. Graphene
exhibits various interesting properties that can be leveraged in different ways.
In order to further develop this silicone-based soft matrix nanocomposite strain
sensor, its inherent response should be better characterized. Moreover, although the
viscoelastic behaviour of Silly Putty R© is reported in the literature, the impact of the
graphene dispersion should be better assessed. Finally, a pole could be introduced
to make an active sensor without requiring to numerically compute the derivative;
hence, the response from the zero could be compensated.
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C.6 Summary
The fast response of a pressure-driven flow setup can be leveraged in the context of an
active microfluidics platform. However, although passive microfluidics can disregard
any short-term dynamics and compensate for any static offset, the fast actuation of
the pressure (multiple times per second) for active platforms does not allow such
leniency. The compliant thick-wall tubing between the pressure pump output and
the reservoir holder input is pressurized with air and introduces short-term dynamics.
In order to better quantify the intrinsic dynamics of the compliant tubing, the aim is
to measure its deformation using a silicone-based soft-matrix nanocomposite strain
sensor (i.e. graphene dispersed in a Silly Putty R© matrix: G-putty).
The strain sensor itself also introduces inherent dynamics of its own that are
not well characterized. Consequently, instead of measuring the absolute value of
the strain, its derivative is investigated. The ramp input response for different rates
indicates that the ratio between the strain derived with respect to time and the
pressure derivative are related through a constant.
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